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ABSTRACT 
Intersex m nver fish has been associated w1th unb10degraded oestrogens m sewage 
treatment works (STW) effluents, leading to the proposal that they be regulated by 
Envrronmental Quality Standard 
Prev10us literature md1cated trickling filters (TF) were not as good as the activated sludge 
process (ASP) at removing sterOid oestrogens. TF were more sustainable than ASP and 
there are more of them m the UK. One aim of th1s project was to investigate the 
performance of TF at removing these oestrogens. The removals of oestrone (El), 17~­
oestrad!Ol (E2) and 17a-ethmyl oestradiol (EE2) by a well-controlled pilot-scale tncklmg 
filter were 41%-59% for once through filtratiOn With 1:1 recrrculation, 76-88% removals 
were achieved, Similar to removals claimed in the literature for ASP. 9.6-15.6% removals 
by humus settlement were also observed. Reduction in temperature and a controlled 
increase in suspended solids (SS) concentration 1mpaued oestrogen removals. Th1s was 
taken as bemg an md1cat10n of the predominant role of b10degradat10n compared to 
adsorption. The field work survey at a TF STW proved the predommance of 
biOdegradation in oestrogen removal (42-70%). Results also showed the important role of 
tertiary sand filtration in obtammg higher and more stable oestrogen removals (7 5 7-
86 6%) Simple pnmary settlement only had limited and variable removal capacity (0-
35.5%). 
The currently recommended procedure for the Environemtnal Agency (EA) standard is 
activated carbon (AC) which for sewage treatment lacks sustainab1lity Manganese 
diOXide, granular rron and sand were compared w1th AC by 1sotherm tests in th1s research 
as the potential b10mass carrier for TF or adsorbents together With sand as the control. AC 
showed the h1ghest efficiency. It has a combinatiOn of fine pores and non-selective s1tes 
which makes it a unique adsorbent for small molecular we1ght organ1cs hke steroid 
oestrogens. 
A standard method for oestrogen analys1s at the ng!L concentratiOn m wastewater 
treatment is due m 2007/8. Most research has so far used pretreatment and concentration 
followed by chromatography separatiOn and mass spectrometry detectiOn which IS 
expensive in resource. In order to ach1eve suff1c1ent number of analysis for th1s research 
proJeCt enzyme-linked imrnunosorbent assay (ELISA) was used for oestrogen 
quantificatiOn The analysts was validated by replicate recovery tests and companson 
wtth chemtcal analysts. The analysts reliabtlity was impmred by mcreases m the matnx 
complexity of the wastewater type. Good analyttcal quality was obtained m fmal effluents 
and nver waters 
Key words: oestrone, 17~-oestradiol, 17 !1-ethmyl oestradiol, trtcldmg filters, adsorption 
tsotherms, ELISA 
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Chapter J· Introduction 
CHAPTER 
1 
INTRODUCTION 
The last two decades have Witnessed growing scientific concerns and public debate over 
the potential adverse effects from a group of chemicals which have the potential to 
mterfere with the normal funct10mng of the endocrine system m wildlife and humans. 
These chemicals were named endocnne disrupting chemicals (EDCs), or endocnne 
disruptors, or more commonly as envrronmental hormones. In vitro and m vivo b10assays 
have Identified a range of compounds as EDCs, the list mcludes steroids, surfactants ( e g 
nonylphenol and Its ethoxylates), pesticides, herbicides, fungicides (e g. DDT, d1eldnn, 
tnbutyltm), polyaromatic compounds (e g PAHs, PCBs), and organic oxygen compounds 
(phthalates, bisphenol A). The European Umon (EU) has also produced a report 
(CommissiOn of the European Commumtles, 2001) listmg substances suspected of 
mterfenng with the human and wild life hormone systems 118 substances were classed 
as EDCs or potential EDCs in this report, with 12 of them havmg been assigned as 
priority substances for m depth study. These were· carbon d1sulfide, o-phenylphenol, 
tetrabrommated d1phenyl ether, 4-choro-3-methylphenol, 2, 4-dichlorophenol, resorcinol, 
4-mtrotoluene, 2, 2'-bis (4-(2, 3-eopxypropoxy) phenyl) propane, 4-octylphenol, and the 
steroid hormones (oestrone, ethmyl oestradiol and oestradiOl). 
These concerns have stimulated lots of research interest from many natiOnal governments, 
international organizatiOns, scientific societies, the chemical industry, water mdustry and 
public mterest groups to address and evaluate EDC issues. In the EU, 59 m1lhon euros has 
been allotted between 1998 and 2002 to 26 separate projects associated with or focused 
on the Issue (McCann 2004). The maJor concern addressed by this thesis IS on adverse 
effects of EDC on certam wildlife and ecosystems. There are also wornes about 
endocnne disruptiOn results from laboratory expenmental animal b10assay 
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There IS no conclusive evidence that low-level environmental exposures to EDC cause 
human disease, all the environmental evidence has come from observations on water and 
marine species such as molluscs, crustaceans, fish, reptiles, birds and mammals (McCann 
2004; Damstra et al 2002) 
EDCs mteract at the molecular level drrectly with the hormone receptors, and alter the 
natural patterns of endocnne systems (Figure 1-1). They can act as mimics, stJmulators, 
blockers, endocnne flushers, enzyme flushers or destructors. The mterference raises more 
general envrronmental issues concerning persistent substances smce the EDCs have been 
shown to survive and pass the multibarners thought to provide protectiOn and also that 
they are active at such low concentrations. 
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Figure 1-1 Endocrine disruption process (Brrkett and Lester 2003) 
... 
Purdom et al. (1994) reported that the oestrogenic potential of sewage treatment work 
(STWs) effluents. Expenments were conducted on caged rambow trout (Oncorhynchus 
mykzss) m STW discharges, and the bwassay was based on the ability to simulate the 
productiOn of the female egg yolk protein vitellogenin (VTG) m these exposed fish. The 
natural hormone oestradiol causes the hver of female fish to produce VTG, which IS 
normally only found m the blood of sexually mature female fish, whereas the levels in 
males and Immature females are very low However, Its synthesis can be mduced m males 
followmg exposure to exogenous oestrogens. Therefore, the presence of VTG m the 
plasma of male fish is considered as a highly sensitive biomarker (active at ng!L) of 
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exposure to oestrogemc chemicals (Sumpter and Joblmg 1995). Further research 
published by the UK Environment Agency (EA) m 2002 into the causes and 
consequences of oestrogemc effects m fish reported that certain sewage effluents can 
cause permanent changes in the sexual organs of male fish and that these effects could be 
observed m a range of coarse fish. Young fish are particularly vulnerable but some effects 
worsen w1th age and exposure. Male fish w1th more than moderate changes m their sexual 
organs are less able to reproduce. Tins confirmed disruptiOn may affect fish population 
densities and ultimately the whole ecosystems as well as the food cham, and it was 
thought to be the result of oestrogenic EDC discharges from sewage mto the water body 
due to the incomplete removal of these chemicals during sewage treatment process 
The toxiCity Identification and evaluation (TIE) methodology used by Desbrow et al. 
(1998) indicated that natural steroid hormones (17P-oestradiol, oestrone) and the closely 
related synthetic steroid hormone (17a-ethmyl oestradiol) are the most oestrogenic 
components of domestic sewage effluent. In vitro tests revealed that these compounds 
may be more potent than previously suspected- less than 1 ng!L 17a-ethinyl oestradiol 
could cause oestrogemc effects m f1sh. Apart from that, they act m an additive manner m 
fish exposed to these substances simultaneously. This group of hormones were 
subsequently classed as pnonty chemicals that would be regulated by Environmental 
Quality Standards (Butwell et al , 200 I), and they have also been listed for depth study by 
the EU (Conuniss10n of the European Communities, 2001) 
Evidence lmkmg sewage effluent and chemicals such as oestrogens with mtersex m Wild 
fish IS qmte extensive Uncertainties still remam in terms of the ecological b10divemty 
consequences and the ability of wastewater treatment processes to remove oestrogens. It 
IS necessary to Improve the understandmg of how STW might be built and operated to 
reduce the concentrations of oestrogens m UK nvers. A natiOnal demonstratiOn 
programme has been undertaken m the UK m order to deliver a scientific, technical and 
economic basis for future mvestment in STWs to reduce the nsks of femmising 
(oestrogenic) Impacts to acceptable levels, If and where requrred. The information 
gathered will be used by the regulators and the Water Industry m defining and meeting 
potential future regulatory requrrements with regard to the feminising ( oestrogemc) 
biological activity of domestic STW effluent The objectives of the programme are: 1) to 
evaluate the performance and efficacy of a range of current treatment technologies at 
reducmg sterOid concentrations and oestrogenic activity in STW effluents (17 works are 
3 
Chapter 1: lntroductzon 
mvolved m th1s programme). 2) To evaluate the performance of current treatment 
technology and the efficacy of advanced treatment (granular activated carbon-GAC) 
demonstrated at the full scale high pnonty Sites. 3) To evaluate the costs of improved 
treatment both m terms of operational and capital expenditure of process eqmpment and 
performance momtonng 4) To evaluate the cost and effectiveness of the vanous 
!IDproved treatment options in time to contnbute to the mvestment plannmg deciSIOns 
(Butwell et al., 2005) 
In the UK, 70% STWs use tncklmg filters, e.g. Thames Water Utilities operates 351 
STW s, 257 of which use tnckhng filters as the sole form of secondary treatment (Pearce 
et al, 1999) They are sustamable technology for low power and sludge where nutrients 
are not an 1ssue. Consequently, a better understandmg of the fundamentals of oestrogen 
removal mechanisms m tncklmg filters will be necessary for the Water Industry to 
comply with the future new regulatory standards. Moreover, the likely 1mproved 
treatment w1th GAC is expensive in energy for regeneratiOn. The amount of adsorbed 
oestrogens by GAC from sewage works secondary effluent has been found only to be 
1/1000 of that from pure water (Fukuhara et al 2006). Thus the adsorptiOn potential of 
manganese diOXide (MD), granular rron (GI, the med1a of SORB 33™) and sand were 
worthy of research, as they are commercially avmlable and have been used m water and 
wastewater treatment before. 
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CHAPTER 
2 
RESEARCH OBJECTIVES 
On the bas1s of the current research on EDCs, this proJect is to be earned out focusing on 
steroid oestrogen removal by tr1cklmg filters, and also the poss1ble implications for 
tertiary sewage treatment. The detailed research obJectives are listed as below: 
1 Identify a simpler method suitable for routine analysis work and validate it 
There is no standard analys1s method for oestrogens so far, although a proposed standard 
method was suggested durmg the NatiOnal Demonstration Programme. The low 
concentration and complicated matrix of sewage mean that maJonty of the quantificatiOn 
methods reported m the literature were the different type of gas or hqmd chromatography 
(GC/LC) separation coupled w1th mass spectrometry (MS) detection However, the 
professiOnal expert1se and lugh cost have limited their use for routme analysis. B10assay 
is s1mpler and cheaper, and w1dely applied for trace chemical analys1s m complex 
matnces. However, 1t IS more vulnerable to interference and may reqmre more complex 
interpretation 
An appropnate analytical method was identified by rev1ewmg the methods in the 
literature on the extent of use and resources available. Vahdat10ns were carried out by 
replicate recovery tests w1th standards and a comparison w1th the chem1cal methods ( e g 
HPLC-MS-MS) to assess routme performance use w1th different sample matrices 
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2 Produce data on the relative performance of trickling filters for oestrogen 
removal and provide a review of the fundamentals of the removal mechanisms. 
The data were collected by routmely analyzmg the water samples from Alsager tncklmg 
filter STW and a well-controlled pilot trickling filter m the laboratory. Four hypotheses 
were expenmentally validated. 
1). Recuculation of settled tncklmg filter effluent would Improve the removal efficiency 
of oestrogens. 
2). Lower ambient temperature would decrease the removal efficiency of oestrogens by 
tricklmg filters 
3). Higher SS load would Impau the removal efficiency of oestrogens by tricklmg filters. 
4). Oestrogens would be further removed dunng humus settlement. 
In the pilot-scale expenment, operatiOnal parameters such as hydraulic load and SS load 
were altered by changes to recuculatwn and modification to the synthetic sewage recipe. 
Theu effects on oestrogen removal were thus investigated. The performance of tncklmg 
filters in the STW was investigated by measunng the oestrogen concentrations at different 
stages of treatment. Results from the pilot and full scale site were collated with the basic 
removal mechanisms for oestrogens and other pollutants by tncklmg filters. 
3 Investigate the potential of new adsorbents for oestrogen removal. 
The current conventional treatment technologies used by domestic STWs are not able to 
reduce the oestrogemc concentrations down to the proposed discharge consent of lng!L 
total oestrogens. An additional adsorption step with GAC is a potential removal/treatment 
system for achievmg low concentrations of treated oestrogens, and which has been 
recommended by the Natwnal Demonstration Programme. Due to the high cost of GAC 
treatment, alternative adsorbents of manganese diOXIde, granular uon and sand were 
tested in order to investigate their adsorptiOn potential. These were recommended by the 
sponsor of this project because they are already in full scale use at some of theu treatment 
plants. The adsorption Isotherms of oestrogens onto these adsorbents were obtamed and 
compared with GAC. 
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CHAPTER 
3 
FATE AND BEHAVIOUR OF STEROID 
OESTROGENS IN SEW AGE TREATMENT 
3.1 BASIC PROPERTIES OF STEROID OESTROGENS 
OH 
HO HO 
Oestrone (El) OestradiOl (E2) OestriOl (E3) 
2 
HO 3 
4 6 
Ethmyl oestradiol (EE2) Cydopentanophenathrene rmg 
Figure 3-1 The chem1cal structure of natural and synthetic oestrogens 
Figure 3-1 illustrates the basic nng structure of steroid oestrogens, wh1ch cons1st of three 
hexagonal rings (ring A, B and C) and one pentagonal nng (ring D). The ster01d 
oestrogens are charactenzed by their phenolic ring (ring A), which renders the 3-hydroxyl 
acid1c and responsible for biOlogical act1v1ty (Makm et al. 1995). Oestrogens are also 
referred to as C 18 ster01ds, as they have 18 carbon atoms w1thm theu structure (Makm et 
al. 1998) They can be natural and synthetic ones (Figure 3-2). 
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Steroid oestrogen 
{ 
Oestrone (El) 
Natural 17~-oestradiol (E2) 
Oestnol (E3) 
{ 
17a-etlunyl oestradiol 
Synthetic 
Menstranol 
Figure 3-2 Natural and synthetic stermd oestrogens 
The lipophilic cyclopentanophenanthrene rmg IS modified by the addition of hydrophilic 
groups to form different steroid> (Makin et al. 1995). ln the case of the three natural 
oestrogens- oestrone (El), 17~-oestradiol (E2) and oestriol (E3), hydroxyl and carbonyl 
groups are added. Ethmyl groups are found m the structure of the syntlietlc oestrogen, i.e. 
17a-ethinyl oestradiol (EE2), which is a component of contraceptive pills. 
The particular chemical structures of oestrogens define their oestrogemc actlVltJes. Based 
on the studies of oestradiol, several structural reqmrements for oestrogenicity were 
Identified (Jodan et al. 1985). The relative position of the phenolic hydroxyl group (-OH) 
on rmg A were considered to be crucial for high-affmity bmdmg to the oestrogen receptor 
and m v1vo oestrogemc1ty. The alkyl substitution of tlie 3-phenolic OH group of an 
oestrogen reduces receptor bmdmg, although th1s can be altered by metabolic activation. 
Structure-activity relationships (SAR) studies suggested that when E2 1s bound to the 
oestrogen receptor (ER), there IS only a close fit at the A-rmg end of the stermd. The most 
potent antagonists possess phenolic rmgs capable of m1mickmg tbe E2 A-rmg m 
ach1evmg a high bmding affimty to the ER (Daux et al. 1987). 
The oestrogemc actiVIty of stermd oestrogens has been compared by in vitro and m v1vo 
methods. In vztro tests usmg a yeast-based screen for oestrogemc activity revealed that a 
concentratiOn of 11 ng!L E3 would be eqmvalent m biological actlVlty to 0 03 ng!L E2, 
1.e. E2 was over 300 times more oestrogenic active than E3 (Desbrow et al 1999) It is 
therefore both the type of oestrogens and the concentrations that have the environmental 
Impact and effect on fish. Due to the low oestrogemc potential of E3, 1t will not be 
regulated (Barontl et al 2000, Metcalfe et al 2001), and for th1s reason it IS not 
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considered m this research. In vzvo tests demonstrated that E2 was between 2 and 5 times 
more potent than El. In these tests, adult male rambow trout ( Oncorhynchus mykzss) and 
roach (Rutilus rutzlus) raised for 21 days m water with the relevant concentratiOns of E2 
and El present (Routledge et al. 1998). EE2, the synthetic oestrogen, was found to be the 
most potent more than the three natural oestrogens Concentrations as low as 0.1 ng/L 
were shown to significantly elevate plasma VItellogenin (VTG) in trout (Purdom et al. 
1994), whilst the threshold concentration in a rambow trout to E2 was between 1-10 ng/L 
(Routledge et al. 1998). Moreover, results also mdicated that their oestrogenic effect were 
additive, so that any estimation of the oestrogemc activity of an effluent based on steroid 
levels should be considered m combinatiOn (Routledge et al 1998). Johnson et al. (2001) 
evaluated the four envrromnental steroid oestrogens based on reported literature results 
and provided a summary judgement on each oestrogen (Table 3-1). 
Table 3-1 Potential Impacts of oestrogens in STW effluent on ecology 
Typical Typical in vivo Typical VTG 
Oestrogen in vitro effluent predicted predicted ConclusiOn E2 eqmv. cone. E2 eqmv. response E2eqmv. 
m trout E2 (ng/L)* (m vztro) 
eqmv (in vivo) 
El o sa 5 2.5 0 se 25 Will have 
effect 
E2 la 1 5 1.5 1 1 5 Will have 
effect 
E3 o.oosa 20 0.1 O.OOlb 002 Margmal 004b effect 
EE2 l-2'·d 05 0 5-1 25f 12 MaJor 
effect 
* - typical sterOid oestrogen concentratiOns from references Johnson et al. (2000) and 
Baronti et al. (2000), a_ Routledge et al. (1997); b_ Metcalfe et al. (2001), '- Folmar 
et al. (2000); d_ Islmger et al. (1999), e_ Routledge et al. (1998); f_ Thorpe et al 
(2000) 
A total oestrogen concentration equation was developed as Equation 3-1 (Butwell et al., 
2005). In this equation, the total oestrogen concentration was expressed as E2 equivalent, 
assummg that the oestrogemc potential of EE2 IS 10 tunes of E2 whilst that of El IS only 
113 of E2 given the same concentratiOn. 
9 
Chapter 3: Fate and Behaviour of Steroid Oestrogens in Sewage Treatment 
Total oestrogen concentratiOn (ng!L) =lOx [EE2] + [E2] + [El]/3. 
Where [EE2] = 17a-ethmyl oestradiol concentration (ng!L) 
[E2] =oestradiol concentratiOn (ng!L) 
[El]= oestrone concentratiOn (ng!L) 
EquatiOn 3-1 Total oestrogen concentratiOn equatiOn 
The physicochemical property parameters of steroid oestrogens are g1ven m Table 3-2. 
The log octanollwater coefficient (log Kow) values for the free oestrogens range from 2 81 
to 4 15, and so 1t 1s evident that they are hydrophobic and only sparmgly soluble in water. 
These compounds therefore should readily bind to suspended sohds and 1t IS easy for 
them to be moved from the aqueous phase to the sohd phase by hydrophobic bmdmg (Lai 
et al. 2000). In Table 3-3 the physicochemical properties for fate and behaviOur study are 
also g1ven. 
Table 3-2 Steroid oestrogen chemical and physical properties 
Oestrogen Aqueous solub1hty LogKow 
He lJJ 
(mg/L) (atm m3/mol) 
Oestrone (El) 12 42°) 3 43°) 6 2xlo-7 
l?~-oestrad10l (E2) 12.96(l) 3.94(l) 6.3x10-7 
Oestnol (E3) 13(2) 2.81(2) 2x10-ll 
17a-ethinyl oestradiol (EE2) 4.83°) 4.15(l) 3.8xlo-7 
(I). Tabak et a! 1981, (2) La1 et a! 2000, (3) La1 et a! 2002 
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Table 3-3 Physicochemical properties for fate and behaviOur study 
Physicochemical Property Potential Low Moderate High 
Water solubility Dissolvmg <1 1000 (m ) 
Henry's Law constant Evaporation (atm m3/mole) >10-
2 w-2-w-7 <10-7 
Orgamc/carbon partition Sorption 
<3 >3 
coefficient (Lo Koc) 
Log octanollwater partitiOn B10concentration 
<2.5 >2.5-<4 0 >4 
coefficient (Lo Kow) 
Estenfication with glucuronic or sulphunc acid alters the physicochemical properties of 
the oestrogens The sulphate and glucuromde conJugates are more hydrophilic, although 
they retam some solubility m organtc solvent (Makin et al. 1998). Figure 3-3 gives the 
chemical structures of the most commonly reported steroid oestrogen conjugates. 
0 
11 
O=S=O 
11 
0 Oestrone~3-sulphate 
0 
11 
O=S=O 
11 
0 Ocstrad!Ol-3-sulphate 
OH OH OH OH ff{vo ff{vo 
OH OH OH OH Oestrone-3-glucuromde 
OestradJOI-3-glucuromde 
0 
OestradJol-17 -glucuronide 
Figure 3-3 The most commonly reported steroid oestrogen conJugates 
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3.2 SOURCES OF STEROID OESTROGENS 
The sources of natural oestrogens are human and annnal excreta, and the source of 
synthetic oestrogens IS hormone replacement therapy and oral contraceptiOn (B1rkett and 
Lester 2003). Steroid oestrogens find therr way mto aquatic environment by d1ffuse and 
pomt sewage discharges Compared w1th the diffuse source from agnculture runoff, the 
pomt sources of domestic sewage effluent from h1gh dens1ty urban area and discharges 
from livestock farms are reported as major sources 
J ohnson et al. (2000) reviewed the contnbut10n of catchment human population to the 
oestrogen mput m a STW influent and proposed that the populatiOn m the catchment can 
be divided mto five groups. For each group, there IS a populatiOn percentage and 1ts 
spec1fic amount of oestrogens The five groups are: ( 1) menstrual females, (2) pregnant 
females, (3) menopausal females on hormone replacement therapy, (4) menopausal 
female not on hormone replacement therapy and (5) males (Johnson et al. 2004). Details 
of th1s population defining were rev1ewed in Section 4 3 on the model prediction for a 
STW mfluent oestrogen concentration. 
The contribution of livestock excreta to the oestrogemc activ1ty in nvers was reported by 
Matth1essen et al. (2006) who mvesugated 10 selected s1tes m England and Wales where 
streams run through da1ry farms. Water samples were collected by pass1ve water samplers 
upstream and downstream for 3-10 weeks during wmter (November 2004-January 2005) 
The total oestrogemc activity was analysed by yeast oestrogen screen (YES), and El, E2 
and EE2 bemg quantified by LC-MS-MS. 92% of the momtoring Sites revealed 
measurable oestrogemc activity. In most cases, no EE2 was detected in any stream, while 
El and E2 appeared ub1qmtously. On 8 of the 11 surveyed farms, oestrogemc actlVlty m 
the stream exceeded at least once the Predicted-No-Effect-Concentrations for E2 in water, 
and m 2 cases, the actiVity was probably suff1c1ent to cause reproductive damage m fish. 
The authors mentiOned that although all these measured oestrogen activities were not 
solely attributable to livestock (some may derive from human excreta m septic tank 
overflow or cess p1ts ), 1t can not be concluded that the environment m UK head water 
streams 1s safe from oestrogen pollution In the study of J ohnson et al. (2006), the s1milar 
conclusion was drawn. 
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The two studies suggested that the high density raised livestock IS another possible 
oestrogen source of water courses although It is likely that the human population will be 
the dommant source. 
3.3 LAB-SCALE STUDIES ON STEROID OESTROGENS 
In terms of the oestrogen removal durmg the transit and treatment of sewage, the possible 
removal mechanisms are volatilisat10n, sorptiOn, photolysis degradation and 
biodegradation. 
Rogers (1996) proposed that the significance of volatdisation losses of specific organic 
compounds during sewage treatment could be estrmated usmg the empirically defined 
categones based on Henry's Law constant and Kow: 
He> I xI o·4 and HciKow> 1 x1 o·9 -high volatilisation potential 
Hc<lx10-4 and Hc/Kow<1x10·9 -low volatilisation potential 
From the physicochemical data listed m Table 3-2, It can be ascertamed that the He of 
oestrogens are all less than 1x10·4 and so are Hc/K0 w, thus removal of them due to 
volatilisation during sewage treatment process would be msignificant. 
Photolysis degradatiOn IS also unlikely in the sewer or STW s partly as a result of the high 
turbidity of sewage which would prohibit light penetration. Therefore deconJugatiOn, 
sorption and biodegradatiOn should be the three main ways of oestrogen removal from 
sewage. 
Lab-scale expenments are favoured methods for mechanism studies, as the experiment 
conditions could be well controlled to avoid the ubiqmtous mterference m field studies. 
The reviewed literature in this section are all conducted With lab-scale studies on the 
removal mechanisms of sterOid oestrogens, which are due to the followmg three 
categones 
1. Deconjugation of conJugated oestrogens occurnng in the sewer and m the sewage 
treatment process; 
2. SorptiOn of either the conJugated or the free steroid oestrogens to particulate matter m 
the sewage or to the active b10mass m the treatment process; 
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3 BiodegradatiOn e1ther m the sewer, m sewage treatment (aerobic or anaerob1c) or m 
sludge treatment processes 
3.3.1 Deconjugation 
The maJonty of these oestrogens are excreted from the human body w1thm unne m a 
biOlogically mactlve, conJugated form (predommantly as glucuronides and sulphates) 
However, because the free oestrogens have been observed in STW effluent, th1s 1mphes 
that deconJugatJOn has occurred at some stage during or prior to sewage treatment. 
Lombard1 et al. (1978) spiked prepared faecal samples with 17~-oestradJOl-3-glucuronide 
(E2-3-G) and oestrone-3-sulphate (El-3-S), and observed that the complete deconJugatJOn 
occurred followmg a 24 h aerob1c mcubatJOn. These data mdicate that the conJugated 
oestrogens, both sulphate and glucuronide, excreted from the b1le are largely 
deconJugated by the natural mtestmal flora prior to excretion from the bowel. 
Panter et al. (1999) stud1ed the oestrogenic effects on fish of E2-3-G before and after 
biodegradatiOn usmg two laboratory systems s1mulatmg the activated sludge process. The 
sem1-stat1c system had the HRT of 12 hand SRT of 20-30 days, and the continuous-flow 
system had the HRT of 14 h F1sh plasma VTG and gonadosomatic index (GSI) showed 
that deconJugation of E2-3-G to more potent oestrogemc substances occurs read1ly and 1s 
not dependent on the mtense microbial act1v1ty. However, whether these potent products 
were free E2 wh1ch tnggered s1m11ar VTG and GSI results m fish was not conf1rmed by 
chemical analys1s. 
Ternes et al. (1999a) conducted aerob1c batch expenments to investigate the behaviOur of 
E2 glucuromdes usmg GC-MS-MS analys1s. D1luted activated sludge w1th the m1xed 
hquor suspended sohds of 260 mg/L was spiked. At the 1.65 11g!L level (corresponding to 
1 11g/L unconJugated E2), 17~-oestradJOl-17-(~-D-glucuromde) and 17~-oestradiol-3-(~­
D-glucuromde) were cleaved w1th the releasmg of El and E2 after only 15 mmutes. After 
20 hours, most of the glucuronides were converted to the active oestrogens The presence 
of El was attnbuted to the conversion from E2 by oxidatiOn, as 1t was found m another 
experiment that more than 95% of the E2 vanished whereas the concentration of El 
increased up to 95% after 1-3 hours at both spikmg levels 1 11g/mL and lng/mL. When 
spiked at the level of 1 65 ng/L (correspondmg to 1 ng!L unconJugated E2), 17~­
oestradJOl-17-(~-D-glucuromde) was deconjugated read1ly After 5mm, approximately 
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50% were detected as El, and after 24 h neither El nor E2 were present above the 
detection hmtts. In order to confrrm the presence of the glucuromdase activity of the 
activated sludge, the authors used fluorescence detectiOn to momtor the cleavage of 4-
methylumbelhferyl-P-D-glucuronide (MUF-P-glucuromde) After 6.7 hours, 
approximately 19% of the glucuromde conJugates were cleaved, supportmg the 
deconJugation of E2 conjugates. Based on the results, It was proposed that in a real STW, 
the micro-organism present would have the enzyme to deconJugate oestrogen 
glucuronides The total HRTs of STWs are usually greater than 20 hours, and those of AS 
stage are more than 10 hours, thus whether the retention time is sufficient enough to 
cleave all glucuromde conJugates still requrres further work. 
Wegener et al. (2001, cited m UK WIR report No. 02ffX/04/5 2002) reported the 
nrunedmte mcrease m free E2 and El concentratiOns when spiked 1 j.lg/L E2-17-
glucuromde (E2-17 -G) mto STW activated sludge. Oestrogemc activity also increased 
until it reached its maximum at day 6, after whtch, a reductiOn was observed for both 
parameters, which was considered the result of degradatiOn. The presence of both E2 and 
El from the E2-17-G conJugate was indicated that El was a breakdown product of the 
metabolism ofE2, as has been proved in the expenments ofTemes et al. (1999a). 
Belfr01d et al (1999) measured levels of glucuromdes of El, E2 and EE2 m ASP effluent 
samples from five STW s and a number of surface water locations The authors dtd this by 
conductmg a deconJugation step prior to GC-MS-MS analysts and companng with 
effluents which had not undergone thts deconjugatwn step. Most surface water and 
effluent samples treated w1th the enzyme P-glucuronidase dtd not show mcreased levels 
of oestrogens m the matchmg samples, the glucuromdes were not present in 
concentrations above the hmit of detection. It was considered that glucuromdes were 
early cleaved dunng ASP. 
A similar study conducted by Huang and Sedlak (200 1) used an additional step of 
enzymatic hydrolysis to release free oestrogens m the STW effluent samples before GC-
MS-MS analysts, and compared the measured free oestrogen concentrations with those of 
matchmg samples Only 2% conJugates were Identified in all samples analyzed (75% of 
the STW effluent samples). 
D' Ascenzo et al (2003) earned out a laboratory test m order to evaluate the deconJugation 
rate of oestrogens in domestic sewage, with 8 conJugated forms of oestrogens added at the 
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level of 25 11g!L to intact wastewater samples taken at the septic tank It was observed 
that different lands of glucuromde oestrogens exh1b1ted different deconJugation 
behaviour. 10% decrease was observed in A-ring glucuronades (E3-3G, El-3G and E2-
3G) after 2.5 hours, but not in the two D-nng glucuronades (E3-16G and E2-17G) which 
showed some lllltial res1stance to deconJugat!On and then deconjugated rapidly. After less 
than 1 day, all glucuromde oestrogens were undetectable in the test liquor. 
In contrast to the glucuromde conjugates, little research seems to have been performed 
mto the fate and behaviOur of the sulphate conJugates. Stnctly anaerobic desulphatmg 
strams have been ISolated from human faeces wh1ch were capable of cleavmg El-3-
sulphate and E2-3-sulphate. The release of sulphate was believed to be associated w1th 1ts 
use as a termmal electron acceptor by these bactena under strictly anaerobic conditions 
(Van Eldere et al. 2000, c1ted from Butwell et al. 2001). 
In the study conducted by D' Ascenzo et al (2003), the oestrogen sulphate were found 
much more recalcitrant than glucuromded ones. The deconJugat!On of E2-3S and El-3S 
were found but only after an mltlal 10 hours of Jag phase, and therr concentration halved 
after approximately 6 days. E3-3S was found to be the most resistant spec1es, w1th a Jag 
phase of 70 hours and a half life of 5 days, wh1ch thoroughly disappeared from the 
aqueous phase after around 8 days The authors attributed th1s to the scarce arylsulfatase 
act1v1ty m domestic wastewater (Johnson et al. 2004). 
Therefore, results of several well-controlled stud1es supported the rap1d (less than 10 
hours) breakdown of the glucuromdes. 
3.3.2 Sorption 
A general guide for the s1gmficance of sorption of organ1c compounds based on the 
1ogK0w values md1cated that less than 2.5, these compounds usually exh1b1t low sorption 
potential; 1f the values are between 2.5 and 4, they show medium sorption potential and 1f 
greater than 4.0, then they are more likely to have h1gh sorption potential (Rogers 1996). 
The physicochemical data from the literature provided in Table 3-2 showed that E2 and 
El are likely to be adsorbed accordmg to their weakly hydrophobic potential, and E3 IS 
considered to be less due to the presence of an additional ethanol (16a) group. EE2, on 
the other hand, wh1ch has the logKow of 4.15, 1s regarded as the most hydrophobic. 
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In the part1t10nmg expenments conducted by La1 et al (2000), a bottle With 200mL 
R O.water was spiked w1th oestrogens to a concentration of 0.1 f1g/mL, and with 3 g (dry 
weight) surficml sediment from the Blackwater estuary. After 1 hour strong shaking and 
mixing followed by 10 minutes centrifugation, the oestrogen present m the supematant 
were quantified by GC-MS. An mitJal rapid sorption (40-9.4flg/glh) was observed 
between 0 and 0.5h, followed by a period up to 1 hour of slower sorptiOn (1.5-2.9 flg/glh) 
pnor to a steady decrease m sorptwn (0 07-0.37 flg/glh). The authors proposed that the 
decrease in sorption rate between 0.5 and 1 hour would reflect both the progressive 
saturation of sorbent bmdmg s1tes but also the reductwn m available oestrogens for 
bindmg reducmg the kmetlc potential. The decrease m the amount of sorption by 5 hours 
was suggested to represent oestrogen desorptlon back mto the aqueous phase. 
Additionally, TOC and salmity were found assist and contribute to the sorption removal 
of oestrogens. 
In a lab-scale study, Johnson (2000, cited from Butwell et al., 2001) used fresh activated 
sludge from the aeratwn tank at High Wycombe STW to mvestJgate the sorptiOn 
behavwur of radio labelled analogues of E2, E3 and EE2. Sorption was rapid. With a 
typical sludge content of 3300 mg!L, the sorption rate Kd of 142 UKg was obtamed for 
E2, which equated to 30% of the mass sorbed. For E3, a lower Kd of 51 UKg was 
obtained equatmg to only 13% of the mass sorptiOn. As to the more hydrophobic 
synthetic stermd oestrogen EE2, a Kd of 289 UKg of the mass was obtamed, which was 
equal to 60% sorption. Therefore, removal from the aqueous phase by sorption to sludge 
IS hkely to play a more important role with th1s compound. 
In another published work Layton et al. (2000) observed 80% removal of 14C labelled 
EE2 with sorptiOn tests on well mixed fresh sludge (2-5 g!L) after one hour. No 
mineralization had taken place, and It was assured that sorptwn would appear m the 
sludge. For 14C-E2, 90% were removed from the aqueous phase and only 84% was found 
to be mineralized to 14C-C02• The percentage difference was considered to be the result 
of biosorption. 
Batch expenments were also conducted by Andersen et al. (2005) to obtain the 
dJstnbutwn coefficients (Kd) of E 1, E2 and EE2 between water and activated sludge 
particles This coefficient was then used to estimate the fractiOn of the total stermd 
oestrogen concentratiOn expected to be sorbed on to the activated sludge of a typical STW 
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The followmg equation was proposed b.ased on known mixed liquid suspended sohds 
(MLSS, Kg!L): 
. MLSS·K Sorbed fractiOn d ; 
l+MLSS Kd 
Equation 3-2 Calculation for oestrogen sorbed fractiOn m an ASP works 
The removed fractiOn could also be calculated if the excess sludge productiOn is known: 
. RESS K Sorbed fractiOn d ; 
l+MLSS Kd 
where RESS is the mass of AS removed from STW per volume of treated sewage 
Equation 3-3 CalculatiOn for oestrogen sorbed fractmn in excess sludge 
Assummg the MLSS in an aeratiOn tank is 4000 mg!L, then It was estimated that 61±9%, 
66±13% and 70±6% of the total concentratiOn of El, E2 and EE2, respectively, would be 
sorbed dunng ASP. The fraction of oestrogens, expected to be sorbed onto the effluent 
suspended sludge particles from a Damsh STW with the MLSS of 5 mg!L, was estimated 
to be only 0 20±0 06%, 0.24±0 10% and 0 29±0.07%. For a typical STW, the removal of 
steroid oestrogens With excess sludge was estimated to be only 1 5-1 8% of the total 
loadmg If eqmhbnum conditions exist. Therefore the authors concluded that sorptiOn was 
not important for the fate of steroid oestrogens m STW s compared with biodegradation. 
Suzuki et al. (2006) reported the behaviQur of El and E2 m liqmd and sohd phase in 
batchmg miXmg experiments usmg filtered gnt-removal tank effluent and activated 
sludge taken from the oxidation ditches (2700 m3/tank) of an ASP STW(3000m3/d). The 
oxidation ditch had the HRT of 40-48 hours, SRT of 30-40 days and MLSS of 1500-2000 
mg!L. ELISA kits were used for quantificatiOn. It was observed that under normal 
conditions, E2 and El were rapidly remo-ved from the aqueous phase in contact With the 
activated sludge, With no E2 detected after 6 hours and less than 5 ng/L El in hquid 
phase. In the sohd phase, the oestrogen concentratiOns increased at the beginnmg of 
mixmg, and then decreased within 2 hours. It was also found that lower temperature (5 
·c) and different sludge loads (MLSS of 1777 mg/L and 2947 mg/L) did not significantly 
affect the adsorptlve activity and decomposition of El and E2, while sludge stenhzation 
prevent the removal of oestrogens by adsorption and decomposition. Suzuki et al. 
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proposed that the transfer of target substances from the l!qmd phase to the solid phase IS 
an Important step of the biological process, and vmble micro-organisms, which constitute 
the activated sludge, play an important role in the adsorptiOn of oestrogens. 
3.3.3 Degradation 
Biodegradation of the oestrogens can be studied by the breakdown products from the 
actiOn of specific enzymes. Radioactive Isotope labelled chemicals have been used to 
trace their reactiOn products, and it is then a powerful tool for mechanism studies 
Layton et al. (2000) employed a 14C assay for analyzmg the removal of stermd oestrogens 
from sewage hqmd phase, as the release of 14C02 was regarded as the evidence of nng 
cleavage and concomitant mactivation of the sterOid molecule. 14C-labelled El and E2 58 
~g!L as weil as EE2 72 ~g!L were spiked mto biosolids samples taken from aeration 
tanks of four USA mumc1pal STWs and one mdustnal system. It was observed that the 
mmerahzatlon of 14C-E2 was Similar m all bwsohds samples with an average of 74.2% 
(±5 8) bemg oxidized C02 after 24 hours for ail 4 STWs. Nevertheless, m the killed-
controls, where biOlogical activity was removed, only 0.1% (±0.1) of the 14C was found m 
the gas phase, while 52 9% (±6 7) of the 14C-E2 was still m the aqueous phase and 28.8% 
(±14) was attached to the sohds This comparison revealed that bwsolids was able to 
adsorb oestrogens m the hquid phase, and the sohds bwactivity was cntical for the 
mmerahzatlon. This conclusiOn was also supported by results from the comparison 
between muniCipal and mdustnal bwsohds. In the municipal STW biosohds, 84% 14C-E2 
and 85% 14C-El was mmeralized to 14C02 in 24 hours, whilst m the mdustrial biosolids, 
only less than 4% of them was observed. The considerable differences md1cated that the 
mdustnal STW biosolids were adapted to biodegrade specific substances in the industnal 
waste water whilst the municipal STW bwsohds are capable of degradmg ail kmds of 
substances mcludmg steroid oestrogens. 
Layton et a/ also compared the percentage of mineralization of EE2 (20.2%±11) and E2 
(75 2%±5 0), as well as the temperature effect on their first-order rate constant for 
mmerahzatwn to 14C-C02 and for removal of 14C from aqueous phase (Table 3-4), and 
presented that synthetic oestrogen was more persistent to the biodegradation 
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Table 3-4 Frrst-order rate constants for the removal of oestrogens m Layton study 
Rate constant k for mmeralizatmn to 14C-C02 (1/mm)• 
Temperature CC) E2 EE2 
5-10 0.0029 (±0.0002) 0.0001 (±0.0000) (r2=0.89) (?=0.98) 
22-25 0.0042 (±0 0002) 0 0002 (±0 0000) (?=0.92) (?=0.96) 
Rate constant k for removal of 14C from aqueous phase (1/mm)" 
Temperature CC) E2 EE2 
5-10 0.0024 (±0 0002) NC (?=0.80) 
22-25 0 0036 (±0 0016) NC (r2=0 92) 
,,., 
a). k (1/mm) was calculated from the hnear regressiOn usmg the formula In [Co ( C-
compound)-C e4C-C02)] =kt; b). k' (1/mm) was calculated from the linear regression 
usmg the formula ln[C(14C-compound m aqueous phase)]=k't; c). not calculated 
Temes et al. (1999b) also conducted aerobic batch expenments on steroid oestrogens at 1 
J.lg/L and 1 mg!L concentrations spiked mto STW activated sludge (diluted 1 5 with 
water). They used GC-MS/MS to monitor the residual oestrogens in the supematant 
water Results md1cated that 95% E2 vanished m 3 hours while the concentration of El 
mcreased up to 95% w1th regard to 1ts initial one, as was regarded that E2 was almost 
quantitatively oxidized to El. On the other hand, El was ehmmated m an approximate 
lmear time dependence. Further degradation products of El were not observed EE2 was 
relatively stable, stmilar to the study of Layton et al. (2000), only 20% of it degraded after 
24 hours. This study was also able to indicate that the half hfe of E2 is only a few hours 
compared to that of EE2 wh1ch was several days (See Table 3-4 for the related data) 
However, usmg GC-MS-MS Temes et al. noticed that 3% of the glucuromde conjugates 
were still detected after 28 hours m therr batch expenments, whereas some other studies 
suggested that no glucuronide conJugates would survive the sewer system (Belfroid et al. 
1999, Panter et al. 1999). Th1s may reveal that not all the conjugates are transformed pnor 
to entering the STW and a proportion contmue to be deconJugated dunng the bmlogtcal 
treatment, yieldmg a more persistent source of free oestrogens mto the STW effluent 
(Johnson et al 2001) 
20 
Chapter 3 Fate and Behavwur of Sterozd Oestrogens 111 Sewage Treatment 
Table 3-5 Fate of steroid oestrogens spiked mto actlvated sludge (Temes et al. 1999b) 
Oestrogen Spiked Concentration Rate of Loss Products 
1 mg!L 95% m3 hours El 
E2 >90% in30mm ljlg/L 95% in 3 hours El 
El 1 mg!L 50% m 24 hours Unknown 
EE2 1 mg!L 0% m24hours Unknown 
Wegener et al. (2000, c1ted from Butwell et al., 2001) also conducted batch 
bwdegradatwn expenments m wh1ch 30 ng!L of E2 was added to sewage effluent After 1 
day, significant biodegradatiOn had occurred (65% removal) w1th oestrone being the 
resultmg metabohte, and as would be expected from the previous work. After 3 days, no 
E2 or El were detected. The degradation of EE2 was different from the natural steroid 
oestrogens The sewage effluent was spiked w1th a h1gher concentratiOn (100 ng!L), 
removal occurred slowly With an adaptatwn phase of 7 days and 20% stlll remained after 
21 days 
Vader et al. (2000) work concentrated on the fate of synthetlc oestrogens. They studied 
the degradatiOn of EE2 at the mit1al concentration of 50 ll giL in batch expenments w1th 
two sources of actlvated sludge. One was from a Dutch muniCipal plant which treated 
primanly domestic waste and had a spec1fic nitnfymg capac1ty of 1 mg NH//g dry 
we1ght (DW)/h, wh1le the other one IS capable of 50 mg NH//g DW/h degradatiOn 
DegradatiOn of EE2 was only observed w1th the h1gher rumfymg capacity sludge, wh1ch 
degraded EE2 completely w1thm SIX days and d1d not requrre an adaptatiOn penod The 
measured 1mtlal specific EE2 degradatiOn rate by mtnfymg sludge was ljlg/g/h. The 
sludge retamed 1ts maxnnum EE2 degradatiOn ab1ht1es for approximately two days. After 
that, the degradation rate levelled off, probably due to the affimty of the micro-organisms 
for EE2 at low concentratiOns, or to a general decrease by the accumulation of the non-
growmg cells. The authors proposed that it was the mtrifying bacteria created the right 
conditions for the breakdown of synthetic oestrogen of EE2. The oxidatiOn of EE2 was 
confirmed by the umdent1fied hydroph1hc orgamc breakdown compounds, wh1ch were 
the result of hydroxylatwn. They concluded that EE2 degradatlon by mtnfymg micro-
organisms is a cometabohc process and predicted that STW s wh1ch had nitrifying 
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bacteria, long sludge retentiOn times and htgher summer temperatures would successfully 
elimmate EE2. It ts dtfficult to evaluate the stgmficance of these observatiOns as the 
expenments were conducted at unusual retention time and reactors in the absence of 
competing organic substrates 
3.4 FIELD INVESTIGATION OF STEROID OESTROGENS 
3.4.1 Investigations of oestrogens in STW effiuent 
In the early reported field investigation, most of the work was concentrated on oestrogen 
concentrations m STW effluent and surface water to evaluate the nsk of endocnne 
dtsruption 
Larsson et al. (1999) collected 72-hour compostte effluent samples of a domestic STW m 
Sweden dunng October 1997, and analyzed El, E2 and EE2 with GC-MS However, the 
authors dtd not provtde spectfic details on the plant charactenstics except that tt contams 
both chemtcal and biOlogical treatment steps, but no anoxtc demtnficatmn. Measured 
effluent concentrations for each oestrogen were below I 0 ng!L. 
Fmal effluents of ten conventional ASP STWs treatmg mainly household dtscharges m 
Canada Ontario were also sampled by the Temes et a/ (1999a) during 20th-27th 
November 1997 and 3rd-13th December 1997 Aluminium sulphate was also being used 
for phosphate elimination Stx sttes had UV dtsmfectton wtth ftve low-pressure mercury 
arcs and one applied medmm-pressure one. Further disinfection methods noted in the 
survey were chlonnatJOn by sodmm hypochlonne (1 stte) and chlonne (2 sites) One stte 
used alternatively etther low pressure UV-radtatJOn or sodmm hypochlorme depending on 
water clarity. El and E2 were detected in 8 out of 10 samples whtle 9 samples were found 
containmg EE2 higher than LOD. The median concentrations of El, E2 and EE2 were 3 
ng!L (Max: 48 ng!L), 6 ng!L(Max: 64 ng!L) and 9 ng!L(Max· 42 ng!L) respectively. 
Walker (2000) investigated the mlet and outlet of an UV disinfection plant for El, E2 and 
EE2. The survey was earned out in the UK Chelmsford STW Sewage effluent from the 
STW was treated by UV dtstnfectJOn (the dose exceeded 32mW s/cm2 at all times and the 
retention time was 19 seconds) In general, sterOid oestrogen concentratiOns were m the 
ng!L range (Table 3-6), they were htgher before compared to after UV treatment. It was 
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V hght could reduce steroid oestrogen concentratiOns Since UV 
e micro-organisms m STW effluent, the removal of oestrogen could not 
concluded that U 
effectively kills th 
be due to biodegra 
that only a hmite 
highly variable. It 
efficiency of this t 
dation. Photolysis was a more hkely explanatiOn. However, It is of note 
d number of samples were analysed and that the removal rates were 
is therefore difficult to make any defimhve conclusiOns on the removal 
ype of treatment 
Table 3 -6 Oestrogen concentration mvestigatwn m an UV pilot plant 
El (ng!L) E2 (ng!L) EE2 (ng!L) 
Pre-UV Post-UV Pre-UV Post-UV Pre-UV Post-UV 
March-August 19 98 8-33 <1-20 1 3-48 <1-26 1-3.4 <1-11 1 
May 1999 1-112 1.4-15 3.6-168 <1-84 <1-15 <1-14 
e the long-term temporal changes m the oestrogemc compositiOn of 
fluent and Its biological effects on fish, Rodgers-Gray et al. (2000) 
ed El and E2 concentrations of the UK Chelmsford STW effluent by 
e penod from November 1997 to March 1998 (Tnal A) and from July 
In order to observ 
treated sewage ef 
reported the measur 
GC-MS durmg th 
1998 to Decembe 
populatiOn eqmva 
mputs contribute 1 
new water supplie 
listed in Table 3-7 
r 1998 (Tnal B). Chelmsford STW is a typical UK STW with a 
lent of 138,000. The influent load is pnmanly domestic; with trade 
4% of the load This works was of sigmficance smce It was part of the 
s for the local dnnkmg water works. The measured oestrogen levels are 
Generally, oestrogen concentrations in Trial B were lower than that m 
TnaiA 
Table 3-7 El and E2 concentrations in Chelmsford STW effluent 
Tnal Ae ffluent concentration (ng!L) Tnal B effluent concentration (ng!L) 
11/1997 12/1997 0111998 03/1998 07/1998 08/1998 10/1998 12/1998 
El 104 15 59 220 31.5 27 56 34 
E2 7 51 71 88 4 8.8 4.4 63 
'a) A, Tnal B had higher temperature (12.3 T ±0 38 for Tnal A, 17.2 Compared with Tn 
OC±0.65 for Tna I B) and higher mtrate level (67.9 mg!L±2 81 for Tnal A, 93.9 
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mg!L±3.82 for Tnal B). This suggested greater oxidatiOn, and thus superior effluent 
treatment durmg Tnal B It would be easy to attribute the lower oestrogen concentrations 
m Trial B (all E2 and 3 out of 4 El) to the greater oxidatiOn m Tnal B, but it is also 
worthy of notmg that the oestrogen concentrations m Tnal A were too high. 
3.4.2 Investigations of oestrogens in STW influent and effiuent 
To evaluate the oestrogen concentration and oestrogemc activity removal efficacy of 
STW s, oestrogen levels in both STW influent and effluent were investigated m most of 
the literature. 
Desbrow et al. (1998) analysed effluent samples from 7 UK STWs. These works utilised 
different treatment process and treated mostly domestic sewage. Grab samples were 
collected on three separate occasions from each of the works between May 1995 and 
January 1996 El, E2 and EE2 were measured by GC-MS for each sample in triplicate. 
Table 3-8 El and E2 concentrations m five UK STWs 
Predicted Measured Removal rate Influent Effluent 
STW Treatment process Level (ng/L) * Level (ng/L)t (%) 
El E2 El E2 El E2 
Harpenden Percolatmg and 38 16 7.5 5.5 80 66 
sand filters 
Biological 
Horsham filtration/settlement 59 26 94 5 84 81 
lagoons 
Billing Extended aeration 48 21 6 65 87 69 
Deephams Diffused-air AS 50 22 8 8 84 64 
Rye Meads Diffused-air AS + 40 94 2.5 45 94 74 tertiary lagoon 
-
-J ohnson et al 2000, 'Des brow et al 1998 
Rather than measure the actual oestrogen concentratiOns, Johnson et al. (1999, 2000, and 
2004) proposed an alternative to the difficult chemical analysis to predict oestrogen levels 
m the STW Influent based on the catchment populatiOn eqmvalent and indiVIdual 
excretion rates. Predicted Influent oe~trogen level, measured effluent oestrogen level and 
the removal rates from 5 of the 7 STWs were given m Table 3-8. The results showed that 
the removal of E 1 was higher than that of E2, but the reason was not clear. There was also 
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no s1gmficant difference observed for oestrogen removal between the bwf1ltrat!On STWs 
and the ASP STW s. Ne1ther d1d those STW s w1th tertiary treatment exh1b1t conclusive 
better oestrogen removal than those STWs only had secondary biological treatment 
Lee and Peart (1998) sampled mfluent, primary effluent or final effluent from 7 STWs 
servmg five Canadian Cities during August 1997- January 1998, but they did not prov1de 
other details on the charactenstics of the STW s except that they were conventional ASP 
treatment Samples were analysed m duplicate or tnphcate by GC-MS. El was detected in 
all sewage influent and primary effluents, w1th average values varymg from 14 to 109 
ng!L. Mean levels m final effluents ranged between <5 and 19 ng!L. Removal rates varied 
among STWs (bemg approximately 34, 68, 75, 77 and 85-87%). E2 was also detected m 
all sewage mfluent and primary effluent, with mean values varymg from 6 to 15ng!L. 
Levels in fmal effluents were below the detectiOn hm1t ( <5ng!L), thus meamngful 
removal rates could not be denved. E3 was also detected m all sewage mfluent and 
primary effluents too w1th mean values varying from 53 to 250 ng!L. Levels in fmal 
effluents were <10-34 ng!L, w1th removal rates of 80-95% However, no explanatiOn for 
the variation could be given without detmls of these works. 
Final effluent and crude sewage from 4 STWs m Spam Cataloman were surveyed by Sole 
et al. (2000). Most of the mfluent load was domestic sewage, but 3 STW s also had trade 
mflow of plastic, textile, tannery and rubber respectively No process descnptwn was 
g1ven on these works. El, E2, E3 and EE2 m the 24-hour compos1te samples were 
collected between April and June 1999 and analysed by LC-MS. The obtamed results 
showed that only E3 present at quantlfmble concentratiOns In two STWs the influent 
concentratiOn was 263 ng!L and 261 ng!L respectively, but not in the correspondmg 
effluents. The author proposed that the removal rate must be greater than 80%. 
Matsui et al. (2000) reported data on a large STW, located in the Shiga prefecture of 
Japan Kansi regwn, wh1ch treated a combmatwn of domestic sewage and trade inflow 
(55,000 m3/d) The treatment system compnsed pnmary settlement, activated sludge 
treatment w1th biolog1cal mtrogen removal, chlonnation and sand filtratiOn. Filtrate from 
sludge dewatenng and backwashmg from sand filtratiOn were all recuculated back to the 
pnmary settlement tanks. Sample oestrogen actlVlty was analyzed by YES w1th values 
expressed m E2 eqmvalent, and compared w1th the actual E2 concentrations measured by 
ELISA More comprehensive data on the chem1cal compositiOn of the 1nfluent and 
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effluent were included. Results for the effluent samples were also compared with samples 
taken from two other sewage works m th1s regwn and With nearby lake water. Other 
parameters were also reported, e g. values for suspended sohds (mfluent 177 mg!L, 
effluent 0.4 mg/L), BOD (mfluent 112 mg!L, effluent 0.6 mg!L) and TOC (mfluent 73.5 
mg!L, effluent 4 3 mg!L) would indicate that the Shiga works produced an effluent of 
particularly h1gh quahty. However, the reported mfluent COD value (mfluent 68 1 mg!L, 
effluent 3 4 mg!L) is less than the correspondmg mfluent BOD and IS probably mcorrect. 
No data was presented on nitrogen removal. 
It was concluded from the data that the reductiOn m oestrogemc1ty, values occurred 
mamly across the biological treatment stage (YES reduction 93.3%, ELISA reductiOn 
86.7%). Removal through pnmary sedimentatiOn (YES reductiOn 6.9%, ELISA reductiOn 
10.5%) and tertiary treatment (YES and ELISA reduction 22.2%) were both relatively 
much smaller. 
Elevated concentratiOns were seen in the sludge filtrate Return of these process liquors 
resulted m a significant increase in concentration relative to the sewage feed It may be 
inferred that at least a proportiOn of the E2 removed during biological treatment remamed 
bound to the activated sludge, and some of this was then released dunng sludge 
dewatenng The overall works removal was 95.5% by YES values and 86 8% by ELlS A 
values. 
It was also observed that E2 occupied 34% of the whole oestrogenicity in the raw sewage, 
while almost 100% m the final effluent, suggestmg that oestrogeniCity activity of the final 
effluents are explained by E2 Itself. These results contradicted other reports showed that 
E2 was able to be converted to El during sewage treatment, and in most of the occasions, 
El, E2, and EE2, all contributed to the oestrogenic activity, and were all present m the 
final sewage effluent. Matsm attnbuted th1s effluent oestrogeniCity underestimatiOn to the 
interference of anti-oestrogenic substances m samples w1th the bmdmg of oestrogemc 
substances to the human estrogen receptors (hER) m the yeast. 
Temes et al. (1999a) measured the levels of El, E2 and EE2 m raw sewage mfluents and 
fmal effluents of a German and a Braz1han municipal STW. The German works was 
located near Frankfurt/Mam and It treated municipal sewage by the normal secondary 
ASP With the addition of iron chlonde for phosphate precipitatiOn. Dunng November 
1997, 6-day composite samples were collected and analyzed by GC-MS-MS. 1n the 
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influent, El and EE2 were found at the levels of 15 ng!L and 27 ng!L respectively, 
y1eldmg loads of up to lg/d. However, unlike the Itahan and UK expenence they were not 
appreciably removed and no removal rate could be established for El and EE2. A 
removal rate of 64% was reported for E2 from an imtial average concentration of 15 ng!L. 
The Brazilian STW was located m Penha/Rio de Janerro, which consisted of a 
preliminary settlement followed by parallel aerator tarlks or alternatively a biological 
filter and a secondary sedimentation The average flow rate was 120,096 m3/d w1th 71% 
passing through the aeration tarlks and 29% through the tnckling filters. Samples were 
taken over a period of 6 days at 8:00, 12 00 and 18 00 dunng June 1997 from the influent 
as well as from the effluents of aerator tanks and parallel biological filters. For each 
samplmg locatiOn, the collected grab samples were then mixed to make up a 6-day 
composite The analytical technique was the same as Temes used or German STW 
samples. This STW provides a good opportunity to compare the performance of ASP and 
biofiltratwn w1th the same sewage influent. The observed removal rates followmg ASP 
for EE2, El and E2 were 78%, 83% and 99.9% respectively, md1cating a relatively 
effective removal By comparison, the respective removal rates followmg biOlogical 
treatment were 64%, 67% and 92%, which md1cated a shghtly lower level of efficiency 
than the parallel ASP. The authors compared the results from the German and the 
Brazilian STW, and considered that lower temperatures dunng the German samphng 
penod (average -2 °C) might cause the differences in the removal rates when compared to 
the Braz1han data (average 20°C). This positive temperature effect also supported the 
reports from Roders-Gray et al. (2000) and Johnson et al. (2000). 
El, E2 and EE2 levels m Influent and effluent of three Dutch domestic ASP STWs 
(Emdh, Kral and West) were mvestigated by Johnson et al. (2000). The hydraulic 
retention time (HRT) for Emah, Kral and West STWs are 11 hours, 18 hours and 26 
hours, and their sludge retention time (SRT) are 6 days, 11 days and 20 days. Samples 
were collected every 30 mm over a 7 -hour period to make 5 L composite samples m 
October and December respectively in 1997 w1th the oestrogens analyzed by GC-MS-
MS. Other details of the STWs and the oestrogens levels m influent and effluent are g1ven 
in Table 3-9 From the reported removal rates it was noteworthy that for all oestrogens, 
the December rates were all lower than the September/October ones, and as noted 
previOusly temperature have contributed to th1s by Roders-Gray et al. (2000). El was 
detected m all the influent and effluent samples whilst m most of the cases, the levels of 
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EE2 were below the detection. The removal of E2 was generally higher than that of El It 
was also proposed by the authors based on the designs of the works that longer HRT and 
SRT had a positive effect on oestrogen removal, but the data d1d not qmte exhibit this 
trend (Table 3-9) There was significant variability m the data and it must be stressed that 
all the observations are based on a limited number of samples, and therefore future work 
IS needed for reliable conclusion. 
Table 3-9 Oestrogen levels m 3 Netherland STW mfluent and effluent 
STW Emdh 
Date 09/1997 12/1997 
A1rtemp CC) 19. 13 
Flow (m3/d) 145,930 148,320 
PopulatiOn 284,000 
Inf. (ng!L) 11 42 
El Eff. (ng!L) 2.7 15 
Removal(%) 75 64 
Inf. (ng!L) 11 14 
E2 Eff. (ng!L) nd. 1.1 
Removal(%) n.a. 92 
Inf (ng!L) <05 <1.4 
EE2 Eff. (ng!L) <0.5 <1.4 
Removal(%) n.a. n.a. 
• actual water temperature; 
n d.- not detected; 
n a - not available; 
Kral West 
10/1997 1211997 10/1997 12/1997 
20 14 18 15 
72,839 82,474 40,661 37,274 
231,000 296,400 
18 100 87 140 
<04 6.3 2 1 47 
>98 94 98 66 
nd 31 9 48 
n.d. 0.7 <0.6 12 
n.a. 98 >94 75 
<0.2 <14 88 1.3 
<0.2 <18 <0.2 <03 
na. n.a. >98 >77 
Belfrmd et al. (1999) reported the removal of El, E2 and EE2 m two STWs receivmg 
mdustnal discharges and the three domestic STWs in the Netherlands As expected, the 
concentratiOns m domestic effluents were found higher than that in industrial effluents. 
Investigated results are listed in Table 3-10 
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Table 3-10 Concentration of oestrogens m five effluents of WwTWs m the Netherlands 
STW Samplmg location and penod ConcentratiOn ( ng/L) 
El E2 EE2 
STW A (Oct. 97) 2.7 (5.4) n.a.< 1.4 (1.4) 
STW A (Dec 97) 15 u* 02 
STW B (Oct 97) 0 4 (1 *) n.a c 1.8 (14) 
STW B (Dec 97) 6.3 0 7* 0.2 
STW C (Oct. 97) 2 1(2.2) 0 6(0 6) * 0.3 (0.5 ) 
Domestic STW C (Dec.97) 47 12 7.5 
-
Med1an concentratiOn 4.5d 0.9d LOD 
Number of locations where compounds 2 of3 1 ofl 0 of3 
was detected m Oct. 97 
Number of locatmns where compounds 3 of3 3 of3 1 of3 
was detected in Dec. 97 
STW B (Oct 97) 11(7 4) 0 6(0 5) 1.8(1 4) 
STW B (Dec.97) 0.7 1.8 2.6 
STW C (Oct 97) 0 4(0 3) 0 7(0 6) 0.3(0 3) 
STW C (Dec.97) 0.1 0.4 02 
Industnal Med1an concentratiOn 0.4d LOD LOD 
Number of locations where compounds 1 of2 0 of2 0 of2 
was detected m Oct 97 
Number of locations where compounds 1 of2 1 of2 1 of2 
was detected m Dec 97 
• Values are not corrected for recovery. Values between LOD and LOQ are md1cated m 
the tables w1th an asterisk (). b Values m parentheses refer to the same sample after 
treatment w1th ~-glucuromdase. c Not analyzed due to techmcal problems durmg HPLC 
fraction. d Average of two median values 
Barontl et al. (2000) sampled the mfluent and effluent from SIX activated sludge STW s m 
the Rome area of Italy. From October 1999 to March 2000, 24 hours compos1te samples 
were collected monthly, w1th El, E2, E3 and EE2 measured by LC-MS-MS. 
The mean removal rates calculated for each stermd oestrogen at individual STW is hsted 
m Table 3-11. Generally, based on all SIX STWs, h1gh and Similar mean removal rates of 
95±5, 87±9 and 85±14% were reported for E3, E2 and EE2 respectively. The 6 STWs 
were consistent m the removals observed with regard to E3, E2 and EE2, not only among 
STWs but also among samples from mdividual STW. The results also reported that all 
STWs were producing good quality effluent w1th the average BOD and COD values less 
than 40 mg!L and 160 mg/L respectively, suggestmg the good biodegradation actlVlty. 
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Table 3-11 Investigation of oestrogen removal in six Italian ASP STWs 
Number of Removal rate of oestrogens (%) STW 
samples El E2 E3 EE2 
Cob1s 5 86±6 89 ± 10 94±5 87 ± 15 
Fregene 5 94 ± 1 87 ± 11 98 ± 1 84 ± 19 
Ostia 5 22±22 84 ±3 99 ± 1 84 ± 18 
RomaSud 5 19 ± 36 76 ± 13 85 ±7 83 ± 15 
RomaEst 5 84±8 92±2 99 ± 1 85 ± 10 
RomaNord 5 65 ±33 92±3 97 ±2 87 ±9 
Average removal 30 (total) 61 ± 38 87±9 95 ±5 85 ± 14 
The behaviour of El was found qmte different from the other three oestrogens. In 4 of the 
30 fmal effluent samples, El concentratiOns were elevated. El removal rates (61±38%) 
also varied greatly between STWs as well as those taken at different time from the same 
STW. Compared with other oestrogens, the average rate of 61% was lower. 
Biological conversiOn of E2 to El dunng the treatment process can be one of the 
explanatiOns for the El behaviour, as was reported in the lab-scale studies (Temes et al. 
1999b, Layton et al. 2000) Another possible explanatiOn provided by the author was the 
release of free El from El sulphate by bactenal m activated sludge It was hypothesised 
that El was excreted preferentially as sulphate mstead of glucuronide, and E. Coli m 
sewers did not contam sufficient arylsulphatase enzyme. 
By usmg the observed removal rates for El published by Baronti et al. (2000) and a half 
hfe time (10 hours) taken from the data of Temes et al (1999b), Johnson et al. (2001) put 
forward a formula to calculate the El concentration, assuming a first-order degradatiOn of 
El (EquatiOn 3-4) 
Where Ct IS the concentration of El at time T, Co IS the influent concentratiOn, and K It 
the first-order degradatiOn rate. 
EquatiOn 3-4 The frrst order biOdegradatiOn of El 
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Then K should be 0.0693 h'1 based on 10-hour half hfe ume. Therefore the removal rates 
could be rough! y predicted 1f the retention time IS known. 
Lagana et al. (2004) collected mfluent and effluent samples from March to May 2002 
from a traditional ASP STW receiving domestic sewage from the northern area of Rome 
w1th a 780,000 population eqmvalent. El, E2 and EE2 m samples were analyzed by LC-
MS-MS Reported data IS g1ven m Table 3-12. EE2 was found below the detectiOn of 
lim1t. As w1th prev10us work, E2 was removed better, compared with El, was removed 
more from the sewage (54% for El, 76% for E2). The removals and concentratiOns were 
lower than those reported by Baronti et al. (2000) for the Roma Nord STW, which was 
located m the same area. It could be due to the different samplmg programme, analytical 
methods as well as years. 
Table 3-12 Removal of El, E2 and EE2 in aRoma Nord domestic ASP STW 
Compounds 
El 
E2 
EE2 
Huang and Sedlak (2001) measured E2 and EE2 concentrations m final effluents from 4 
Cahfom1an municipal STWs, wh1ch utliised different treatlnent processes, and theu 
characteristics were as follows: 
• STWl: Pnmary settlement+ secondary (ASP) treatment+ chlorination 
• STW2: Pnmary settlement + secondary (ASP) treatment + chlonnat10n + biological 
nutrient removal + sand flitrat10n 
• STW3: Primary settlement + secondary treatment (water hyacmth pond) + hme 
precipitation + sand filtration + membrane flitrat10n + reverse osmosis + ozonation 
and UV d1smfect10n 
• STW4: Pnmary settlement+ tricklmg filter+ UV d1smfection 
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Grab samples were collected between December 1997 and December 1999. 
ConcentratiOns of E2 and EE2 were quantified by ELISA techmque with three/four 
replicates and confirmatory analyses were conducted using GC-MS-MS on effluent 
samples collected from STWl and STW4. The results obtained from both analytical 
methods were consistent. Average concentrations were highest m the effluent of the STW 
that employed conventiOnal pnrnary and secondary (activated sludge) with chlorination, 
but were still only m the low ng!L range ( <4 ng!L). The lowest mean concentrations of 
the steroid oestrogens were observed m the effluent treated by reverse osmosis, the values 
bemg near or below the detection hmit of 0 1 ng!L. It was also found that STW4 that 
employed tncklmg filters yielded lower concentratiOns of El (0.2 ng!L) and EE2 (0 7 
ng!L) than the ASP works, as was different to previous work of Temes (1999a). 
Accordmg to the report from Rodgers-Gray et al. (2000), the UV disinfectiOn m STW4 
may further remove oestrogens from the tncklmg filter effluent. However, since the raw 
sewage was not sampled for each mdividual works, a drrect companson IS not possible. 
Despite th1s result, the authors concluded that fmal concentrations were related to the 
sophistication of the treatment system. 
3.4.3 Investigation of the behaviour of oestrogen conjugates 
D' Ascenzo et al. (2003) conducted a study for natural oestrogens (El, E2 and E3) and 
their glucuromde and sulphate conJugates m urme, condommmm tanks and then dunng 
the whole STW treatment m Rome of Italy. Reported concentrations were given m Table 
3-13. 
The authors found that free oestrogens were never detected m urine samples apart from 
some E3 m pregnancy urme. Oestrogen sulphates represented 21% of the total conJugated 
oestrogens m urme, and th1s percentage changed to 55% of the conJugates during 
treatment m the condomllllum collectmg tank where measurable amounts of free 
oestrogens were also detected. It was considered that deconJugatJOn contmued m sewers, 
as free oestrogens and sulphate conjugates were detectable in STW influent samples. 
However, the correlation of deconjugatwn and the release of free oestrogens are worthy 
of further research, as the cleavage of conJugates may not always produce oestrogemc 
free oestrogens The STW removed free and conJugated oestrogens with h1gh efficiency 
(84-97%), except for El (61 %) and El-3S (64%) The El behaviour was similar to those 
already noted (Baronti et al. 2000). 
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Table 3-13 Free and conJugated oestrogen concentratiOn profile and STW removal rate 
Mean concentration (ng!L) STW 
Oestrogens Female Condommmm STW" STW" 
Removal 
rate(%) 
unne tank mfluent effluent 
E3-3G 36 n q.I n.d.1 n.d.1 -
E3-16G 51 39±12 19±16 n.d.1 100 
E3-3S 19 47±20 14±12 2.2±3 84 
E2-3G 6.5 9±6 5.2±4 n d.1 100 
E2-17G 34 n q I n.d.1 n.d.1 -
E2-3S 37 9±5 3.3±4 n.d.1 100 
El-3G 21 10±4 4.3±3 07±1 84 
El-3S 11 27±13 25±29 9±13 64 
E3 - 62±29 72±27 2.3±3 97 
E2 - 9±6 11±8 16±1 9 85 
El - 58±22 44±17 17±7 61 
1. n q.- not quantified, n d -not detected, 
2 STW mfluent and effluent concentratiOns were calculated by analyzmg once a month of 6 ASP 
STWs dunng 3 months (September, November and December) 
The authors also proposed that El appeared to the most Important natural endocrine 
disrupter, because although El IS around half the oestrogemc potency compared to E2, the 
measured El level was more than 10 times of E2; and because of Its persistence, a certam 
amount of El-3S could still be converted to free El in the aquatic environment. 
3.4.4 Investigations of oestrogens in the STW treatment train 
Takigam1 et al. (2000) studied the fate and behaviour of oestrogens m a Japan mght soil 
treatment process by analysmg water and sludge samples at different treatment phases 
usmg a YES and an ELISA. The plant mvestigated serves the north-eastern parts of Shiga 
prefecture It treated mght sml at a flow of 255 m3 /d which corresponds to the populatiOn 
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of 150,000. The biOlogical stage was operated as a mtnf1ed hquor recycled 
mtrificatiOn!demtrificatiOn process with a total volume of 4,600 m3 The biOlogical treated 
water was then subject to the advanced treatment process (i e. ozonat10n, sand filtratiOn 
and GAC treatment). Water samples were collected at 12 different stages: raw mght sod, 
septic tank sludge, first demtrification tank, mtnfication tank, second demtnficauon tank, 
first sedimentation tank, second sedimentatiOn tank after flocculat10n, ozonat10n tank, 
sand filtratiOn tower, activated carbon packed tower, fmal effluent, dewatermg filtrate. 
Sludge samples were taken at SIX phases: mght sml, septic tank sludge, each activated 
sludge from the demtnficatwn tank, the mtnfication tank, the second denitnfication tank 
and concentrated sludge. Based on the mea~ured results, the authors constructed the mass 
balance for E2 m this plant, which IS given m Figure 3-4. 
Results showed that the total daily loading rate of E2 was 970 mg, and 670 mg (70%) was 
degraded in the first demtnficatwn tank. Around 8000-9000 mg E2 was already 
accumulated in the activated sludge and crrculated through the biOlogical tanks. The 
concentrated sludge containing 300 mg E2 was pulled out and treated separately. 
Consequently, 10 mg E2 (11100 the loadmg) was directed to the subsequent treatment 
processes by out flow. The highest oestrogenic activity was found m the sludge, and E2 
accounted for 16% of the total activity. Durmg bwlog1cal treatment, the oestrogenic 
activity m the aqueous phase decreased by 1000 times and the concentration of E2 was 
0.12 ng/L. This study indicated that biodegradation was the pnmary way oestrogens 
removed m this mght sml system They accumulated strongly m the sludge and was then 
recycled through the aqueous biological treatment. 
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Raw rught soil 
800mg 
Septic tank sludge 
170mg 
Returned sludge 
1.500 mg 
DemtnficatiOn 
tank9700mg 
mtnficatiOn 
tank9700mg 
2nd rutnficatiOn 
tankl800mg 
Sedimentation 
tank 
670 mg degraded 
Crrculated sludge 
7.900 mg 
Sludge 
treatment 
300mg 
Effluent 10 mg 
F1gure 3-4 Estimated daily mass balance of E2 m a night soli treatment plant 
Andersen et al (2003) stud1ed the fate of oestrogens in W1esbaden STW, an ASP STW 
which was also mvestigated by Ternes et al (1999b) in 1997. The oestrogen analys1s 
method m both sewage and sludge were the same as Ternes et al. (1999b), that IS GC-
MS/MS. The main outcome of th1s study was 1t prov1ded collatmg data from the same 
STW after an update from a conventiOnal ASP STW w1th a fully mtxed reactor for BOD 
removal to an enlarged all-year nitrogen-removal works. Thus the effect of the upgrade 
on oestrogen removal could be modelled It was reported that after upgradmg, the 
concentratiOns of three oestrogens decreased from 2 ng!L, 5 ng!L and 24 ng!L for EE2, 
E2 and El respectively to below 1 ng!L, the limit of quantification (LOQ). In August 
2002, their levels were still below the LOQ after a further upgrade for phosphorus 
removal by addmg an internal recirculation and rron chloride to the second clanfier. 90% 
EE2 was also found to be removed wh1lst before upgrade only a mmor reduction was 
observed. This further removal of oestrogens was cons1dered the result of system update, 
wh1ch has substantially longer SRTof 11-13 days compared w1th old system of< 4 days 
The authors also mvest1gated the oestrogen behaviOur along the treatment tram and 
constructed a mass balance m the STW for El and E2 as well as EE2, which IS 
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summanzed m Figure 3-5 and Figure 3-6. The concentratiOns of conjugated El, E2 and 
EE2 were estimated based on the study by Adler et al (2001, Cited from Anderson et al 
2003), i.e. 130% of the unconjugated ones for natural oestrogens and 35% for EE2, 
respectively. Thus the estimated conjugate load of combined El+E2 and EE2 were 14 g/d 
and 0 7 g/d. Because E2 1s easy to be converted to El, the mass balance m th1s Anderson 
study was constructed for the combmed value for El and E2. In the mass flux for sewage 
treatment (Figure 3-5, 3-6), oestrogen concentrations decreased gradually along the 
treatment train, and over 98% El+E2 and over 90% EE2 were removed from the sewage. 
The natural oestrogen were found to be largely degraded biologically, i e. m the 
demtr1fymg and aerated mtr1fymg tanks, whilst EE2 was only degraded m the mtrifymg 
tank. As to the mvestlgation of the transfer mto sludge, only 1.4 ng!L dissolved El was 
found in the excess sludge, and 1t was proposed that the sorbed load m the excess sludge 
and digested sludge was lower than 6% of the mlet load. On the bas1s of controlled 
aerob1c batch expenments conducted by Temes et al (l999a), as noted the 
biOdegradatiOn of oestrogens are Similar to first-order reactions, therefore Anderson et al. 
proposed that a reactor cascade or plug-flow reactor 1s significantly more efficient than a 
smgle well m1xed reactor system 
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Figure 3-5 Measured mass flux of El and E2 m g/d (Anderson et al. 2003) 
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Figure 3-6 Measured mass flux ofEE2 m g/d (Anderson et al. 2003) 
Joss et al (2004) studied the removal of El, E2 and EE2 in two STWs. Batch tests were 
used to establish a biological degradation model which was Similar to the others and 
based on a pseudo-frrst -order kmetlcs 
r=-Kbw SS·Cw,bulk 
Where r - the reaction rate (ng!L d) 
Kbw - pseudo-frrst order constant for biological degradation (L /gSS d) 
SS -the sludge concentratiOn (gSS/L) 
Cw bulk -the soluble oestrogen concentratiOn m the bulk liquid phase (ng!L) 
EquatiOn 3-5 Biodegradation model of activated sludge process 
Kmetic parameters were evaluated with batch experiments under vanous redox 
conditions. The resulting model calculatiOns were then compared with samples from full 
scale STWs. The Kloten-Opflkon STW (Figure 3-7) treats 55,000 populatiOn eqmvalents 
(PE) with the combined sewage treated by a nutnent removal ASP which has a SRT of 
10-12 days. Part of Its primary effluent is duected to a membrane bwreactor (MBR) 
which IS a 100-PE pilot plant with 3 different membrane filtration umts designed for a 30-
day SRT. The Altenrhem STW (Figure 3-8) treats mixed sewage of 120,000 PE· the 
mtrogen removal ASP and paralleled fix-bed lanes each treating half of the mfluent The 
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ASP system has a SRT of 22-24 days, and the ftxed-bed reactor has an average HRT of 
35 mmutes 
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F1gure 3-7 Flow chart of the Kloton-Ophcon STW and of the pilot MBR (Joss et al. 2004) 
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Ftgure 3-8 Flow chart of the Altenrhen STW: ASP+ fix-bed reactor (Joss et al 2004) 
~ 
SIX 8-hour composite samples were taken from each samplmg point m November 2002 
for analysts by GC-MS-MS. Data from the two full-scale STWs showed that 90% 
removal of all oestrogens m the activated sludge process. In the fixed-bed reactor, 77% 
El and >90% E2 were removed In v~ew of the short HRT, these rates represented a good 
performance, and support a theory that performance will be lmked to both mass transfer 
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and spec1f1c bwmass loadmg rate. It was also found that the removal of El and E2 was 
affected by redox conditions, as the higher rates were observed with higher oxygen levels 
However, for EE2, the significant degradation was only observed under aerobic 
conditions. The authors proposed that sludge loadmg IS a key parameter mfluencmg the 
removal of oestrogens from a STW, which was confirmed by the low degradation rate 
observed m the first compartments of the momtored reactors where they were competition 
metabolites. It was also suggested that a reactor cascade would therefore have better 
oestrogen removal than a completely stmed tank, as was also proposed by Anderson et al. 
(2003) In th1s Joss study, tests usmg different floc Size activated sludge also led to the 
suggestion that the smaller floc size of the activated sludge could shorten the distance 
between m1cro-orgamsms and result m better diffusive mass transfer for El and E2, and 
also a higher degradatiOn rate. 
3.4.5 National and international surveys 
Nasu et al. (2001) reported on a Japanese study that mvestigated the fate and behaviOur of 
a number of EDCs durmg sewage treatment, mcludmg E2 The study mvolved 27 STWs 
m the Tohoku and Kansa1 D1stncts, most of which used the conventional activated sludge 
process although some of the STWs used advanced treatment for nitrogen and phosphorus 
removal or disinfectiOn (mcludmg chlonnat10n, ozonation and UV). Grab samples were 
collected at different treatment stages and on three separate occasions - summer, autumn 
and wmter, between July 1998 and March 1999. Analysis for E2 was conducted by the 
ELISA technique With a reported limit of detection of 0.2 ng!L. iiifluent concentrations 
were only provided for the autumn and wmter study as the analytical results from the 
summer had poor reproduCibility. E2 levels were measurable for all mfluent sampled and 
almost all the effluents (43 out of 47 samples) Based on an evaluation of the obtained 
data from all the 27 STWs, a range of 0->99% (median 69%) and 7->99% (median 64%) 
removal percentage was reported for autumn and wmter studies respectively. The authors 
monitored an mcreased E2 concentratiOn from raw mfluent to primary effluent, which 
suggested that further deconJugatiOn was still taking place. It was also concluded that 
pnmary treatment d1d not remove much E2; most E2 was reduced from the aeration tanks 
to secondary sedimentatiOn tanks 
Svenson et al (2003) reported the oestrogemc1ty removal in 20 Swedish STWs. Samples 
were collected from mfluent and effluent daily to make a 3-week composite and analysed 
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by YES. Among the 20 STWs, 4 STWs treated sewage by pnmary sedimentation assisted 
by AI, Fe (III) or hme. Companson of these data showed that the addmg of AI and Fe 
(III) did not remove of oestrogemc activity, while addmg lime removed 73%. Two of the 
STW s had trickling f1lters, the subject of th1s research. One was observed to be reducmg 
33% of the oestrogenic activity, whilst the one, showed elevated oestrogenic activ1ty. A 
biorotor works also gave an increase in oestrogenic activity. In terms of ASP, most of 
them removed between 59-94% of oestrogemc activity, but it IS noteworthy that in the 
two ASP w1th mtrogen removal the removal rates were observed to be over 97%. These 
reported results linked removed oestrogemc actlVlty to the degree of bwlogical activ1ty m 
the reactors, and the longer retention time, which 1s always reqmred by bwlogical 
mtrogen removal, and the h1gher oestrogen removal rates. 
D1stnbutwn of El and E2 at 18 selected Canadmn works was also reported by Servos et 
al. (2004); detailed STW charactenstlcs of the STWs were g1ven m the report Replicate 
24-h composite samples were collected from the mfluent and fmal effluent of each STW 
and the removal efficiency compared to the operatiOnal charactenstics of the plants. It 
was found that in conventiOnal activated sludge and lagoon treatment systems, the mean 
concentratiOns of El and E2 in mfluent were 49 ng!L (19-178ng!L) and 15 6 ng!L (2.4-26 
ng!L). In fmal effluent, the mean concentratiOn for El and E2 were reduced to 17 ng!L (1-
96 ng!L) and 1.8 ng!L (0.2-14.7 ng!L) respectively. E2 was found removed more 
effectively w1th the rate higher than 75% and as high as 98%. However, the removal of 
El was much more complex with removal varymg from 98% to situations where the 
concentrations m the effluent h1gher than those m mfluent. Th1s would be expected g1ven 
the conversiOn of E2 to El. The oestrogemc1ty was measured by YES, ranging from h1gh 
removal rate to elevatwns in fmal effluent. The apparent removals could not statistically 
be correlated with HRT or SRT, plants or lagoons With h1gher SRT were by trend more 
effective in removmg oestrogens, as was also reported and proposed by Johnson et al. 
(2000, 2005) 
It was also noted that well-operated STW s ach1evmg mtrogen removal also tended to 
have h1gher oestrogen removal than those w1thout nitrification, as was reported by 
Andersen et al. (2003) on the observatiOn of the 1mpact of upgrades to STW m Germany. 
The effluent from 17 STWs across Norway, Sweden, Fmland, the Netherlands, Belgmm, 
Germany, France and Switzerland was studied for the presence of El, E2 and EE2 and 
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reported by Johnson et al. (2005). Treatment processes mcluded pnmary and chemical 
treatment only, submerged aerated filter, oxidation ditch, activated sludge and combined 
tricklmg filter and activated sludge The total HRT ranged from 4 to 120 hours, SRT 
between 3 and 30 days, and the water temperature ranged from 12 to 21 °C. The highest 
oestrogen values, as would have been predicted from review so far, were detected m 
effluent of the STW which only used pnmary treatment (13 ng!L E2 and 35 ng!L El) and 
on one occasion m one ASP STW (6.5 ng!L E2, 50 5 ng!L El) For the 16 STWs 
employmg secondary treatment, E2 was only detected m the effluent of 6 works dunng 
the study period (average 0.7-5.7 ng!L). El was detected m the effluent of 13 of the same 
16 STW The median value for El for the 16 STW With secondary treatment was 3.0 
ng!L. EE2 was only detected m two STW (1.1, <0.8-2.8 ng!L). 
The removal efficiency of El was found directly related to the system SRT and HRT, as 
expressed by the authors m the form of an expressiOn: 
El (percentage of mfluent) = 650%x HRT(hT0 91 xSRT( dT0 70 (l=O 45) 
Equation 3-6 Percentage removal of El with HRT and SRT 
The authors supported the current theory that the removal of oestrogens was lmked to 
HRT and SRT. Then although extended HRT and SRT are theoretically available for 
higher biOactivity, this could result m doubled or trebled SIZe of b10reactor. This would be 
mostly Impossible for the current urban STWs, thus the additional potential tertiary 
treatment would turn out to be the better practical method 
In another research carried out by Johnson and Williams (2004) for predicting the 
oestrogen concentrations in mfluent and effluent of STW s, the authors compiled 
oestrogen removals reported m literature from 90 ASP STWs (Table 3-14). As mdicated 
m the literature review, the most biodegradable oestrogen of E2 has the highest average 
removals (81. 7±1 0.6%) Data of EE2, the most recalcitrant oestrogen, appear unusual as It 
has a higher average removal rate than E2 The reason for this abnormality should 
attribute to the small number of STWs which gave EE2 data. Nevertheless, as far as the 
average Germany and Italy data were concerned, the removals of E2 were still higher than 
those of EE2. El removals, Similarly as reported by other work~ (Baronti et al. 2000, 
D' Ascenzo et al. 2003), varied m a wide range and average was the lowest. 
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Table 3-14 Comp1lat10n of sterOid oestrogen removal value for ASP STWs 
Country E2% El% EE2% Reference 
removal removal removal 
European av (n=8) 88(SD13) 74(SD27) NAd Johnson et al. 2000 
Italy (n=30) 87(SD6) 62(SD33) 85(SD14) Baronti et al. 2000 
Canada (n=6) 99° 7l(SD19) NAd Lee et al 1998b 
Japan (n=27) 67 NAb NAd Nasu et al 2001 b 
Italy (n=18) 85 61 NAd Lombard1 et al 1978b 
Germany (n=l) 98 98 90 Anderson et al. 2003 
Mean removal 81.7±10 6 64.7±5 8 85 2±5 1 
a 
-
o_ Mean removal g1ven plus 95% confidence hm1ts. -Flow values not g1ven. 
c =Removed to below detection level NA d =not analyzed 
3.4.6 The UK National Demonstration Programme 
Recent data 1s now bemg published from the Ut1hties, Envrronment Agency (EA) and 
Office of Water (OFWAT) NatiOnal DemonstratiOn Programme concernmg the 
performance of STW in oestrogen removal Two data sets, one from Ilkeston STW 
(Severn Trent) (Stokes et al. 2006), and one from St. Ives STW (Anglian Water) (Huo et 
al 2006) are avmlable. They reported oestrogen concentrations in STW influent and 
effluent, as well as at each stage of the whole treatment process, and they are also the 
contemporaneous mvestigat10n w1th th1s proJect. 
Ilkeston STW only treats domestic sewage With the populatiOn eqmvalent of 50,000 
(trade effluent<5% ), and 1t uses ASP w1th tertiary treatment of sand filtratiOn. Two one-
week surveys were conducted m November 2005 and March 2005. In each survey, 7 
samples were collected from: crude sewage, crude sewage with works returns, settled 
sewage, activated sludge plant effluent, fmal effluent, nver Erewash upstream and 
downstremn. By collatmg oestrogen levels, the profile of them across the STW could be 
produced The measured oestrogen concentratiOns and removal percentage at each stage 
are given m Table 3-15,3-16 and 3-17. 
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Table 3-15 Measured oestrogen concentrations in Ilkeston STW (1112005) 
Sample 
El (ng/L) E2 (ng/L) EE2 (ng/L) 
Mean Range Mean Range Range 
CS 661 36.6-116 54.4 35.7-78.0 <2-<2 
CS+WR 82.4 46 0-125 44.7 22 1-64 5 <2-<2 
ss 85 7 70 5-107 26 8 16 9-34 8 <2-<2 
ASPE 20.6 13 4-44.1 1.6 0 97-2.75 <1-<2 
FE 7.9 2.6-17.6 1.7 <0 3-3.8 <1-<2 
R1verU/S 65 2.3-12.1 15 0.9-2.0 <1-<2 
R1ver D/S 7.5 2.6-16.8 1.2 0 6-1.8 <1-<2 
Table 3-16 Measured oestrogen concentrations m Ilkeston STW (02/2006) 
Sample 
El (ng!L) E2 (ng/L) EE2 (ng/L) 
Mean Range Mean Range Mean Range 
CS 27 8 19.3-33.9 12 0 8.9-13.7 1.0 0.2-2 8 
CS+WR 32.7 20.0-48.2 10.8 7.4-14.0 1.1 0.2-2.9 
ss 72.9 31.7-160 11.5 6.3-18.3 1.4 0 5-2.3 
ASPE 82.5 22.5-325 3.6 1.2-12.1 1.3 0 7-1 7 
FE 35.4 9.6-131 23 0.7-8.7 1.3 0 9-1 7 
R1ver 3.8 3.4-4.8 08 0.6-1.6 05 0.3-0 8 U/S 
R1ver 6.8 3.1-14.9 0.8 0.6-1.2 04 02-06 D/S 
* CS-crude sewage, CS+WR-crude sewage wtth works returns, SS-settled sewage, ASPE-
aellvated sludge plant effluent, PE-final effluent, Rtver U/S-nver upstream, River D/S-nver 
downstream 
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Table 3-17 Percentage removal of stero1d oestrogens across llkeston STW 
Treatment 
mtensity 
Pnmary 
Secondary 
Tertiary 
Pnmary 
Secondary 
Tert1ary 
El 
-29.8'11 V 
68 8'11 0 
88.0'11 V 
-162 0 % 
-286 6 % 
-27.3'11 V 
Removal rate 
E2 EE2 
November 2005 
50.7% -
97.1% -
97.1% -
March2006 
4.2% -400% 
700% -30.0% 
80.8% -30% 
n STW showed that oestrogens were mainly removed by Generally, results from Ilkesto 
the secondary bwlogical treatm 
stage of the process. There ar 
filtratwn, but 1t was mentiOned 
unlikely, as the retentiOn time 
dunng primary settlement shou 
ent, although they are to a lesser extent removed at each 
e still discussions as to the bwlog!cal nature of sand 
by the authors that biodegradation of the oestrogen was 
m sand f1lter IS too short. The 1mtial mcrease of El levels 
Id be the products of degraded E2 and oestrogens m the 
works return. 
s high range of El values m the settled sewage, ASP The March 2006 survey show 
effluent and m the fmal efflue nt. The authors attnbuted this abnormality to the strong 
nation m El concentration Another mteresting fmdmg dmrnal vanatlon and daily va 
prov1ded by the authors was 
removal of TOC across the w 
explanation that removal is 
resembles the pattern for other r 
that there is an obvwus similanty (R2=0 9994) between 
orks and removal of E2. Th1s Slm!lanty may support the 
predommantly the biOdegradation. Removal therefore 
ecalc!trant orgamc pollutants. 
The St Ives STW of Anghan W 
and lagoons as the tertiary treat 
was added before pnmary settle 
ater IS a tncklmg filter plant operated w1th rec1rculation 
ment To help the removal of phosphorus, ferrous chlonde 
ment. The reported results are g1ven m Table 3-18. 
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Table 3-18 Imtial results of St Ives STW investigatiOn 
El E2 (ng/L) EE2 (ng/L) 
Sample Level Level Level 
(ng/L) Removal (ng/L) Removal (ng/L) Removal 
Crude 489 - 22 7 - 2.29 -
Crude + return 69.7 - 27.2 - 2.28 -
Settled 540 23% 19.4 29% 1.72 25% 
Humus tank effluent 17.9 74% 2.15 92% 1.14 50% 
Lagoon effluent 18.9 73% 2.16 92% 123 46% 
Tins mvestigatwn observed tbe same mitial El concentratiOn mcrease as at Ilkeston STW. 
Compared witb tbe reported final effluent results (November 2005) from Ilkeston, tbe 
ASP appears to be slightly better tban bwfiltratiOn m El (88% for ASP, 73% for 
bwfiitratwn) and E2 (97% for ASP, 92% for biofiltration) removal. This has been 
reported previously by Desbrow et al. (1998). 
However, tbere was a lack of tbe samplmg mformat10n for St Ives mvestigatwn, and tbe 
difference IS small. The added ferrous salt to St Ives STW may also help to obtam a more 
stable and higher removal of oestrogens In tbis case, tbe floes produced may increase tbe 
adsorption of oestrogens tbus leadmg to tbe partition of oestrogens from tbe aqueous 
phase. It IS worthy of noticmg tbat tbe lagoon exhibited no further removal capacity for 
oestrogens, as may be explamed by tbe lack of contact witb suspended bwmass for further 
biOdegradatiOn, or media for further adsorption removal. 
3.5 OESTROGEN REMOVAL BY OTHER TECHNIQUES 
Due to tbe special physicochemical properties of oestrogens, some researches have been 
conducted on physicochemical treatment options. 
Granular activated carbon (GAC) IS commonly used m dnnking water treatment to 
remove micro-pollutants and tbe adsorption charactenstics of three types of activated 
carbon under standard conditions for E2 were studied by Furhacker et al. (2001). An 
eqmhbnum concentration was reached for E2 was reached witbin 50-180min. The 
adsorptiOn Isotherms followed tbe classical pattern witb competing interference at tbe 
bindmg sites dunng tbe association and dissociation phase Botb tbe Langmmr and 
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Freundhch adsorptiOn Isotherms were needed to descnbe behaviOur. These results also 
showed that it wtll be dtfftcult to reduce the concentration of E2 below the no-observed 
adverse effect level (<0.1 ng!L). Another study (Rudder et al. 2004) used three upflow 
bioreactors filled respectively wtth GAC, manganese oxtde (MnOz) granules and sand to 
remove EE2. The removal rate for them were >99.8%, 81.7% and 17 3% The MnOz 
reactor removed more EE2 than Its predicted adsorptiOn capactty, probably due to 
catalytic oxtdatwn properties, which had been previOusly shown for the degradation of 
other orgamcs (Stone et al. 1984, Wang et al. 1999, Sunder et al. 1994). It was thought 
that Mn acts as a redox catalyst changmg from Mn (IV) to Mn (II) and then to Mn (IV), 
whtlst breakmg the oestrogen mto smaller molecules. The properties could make 1t a more 
cost-efficient techntque for EE2 removal than the recommended GAC but further 
experiments at relevant concentratiOns are needed 
Sorption of E2 from aqueous solutiOns to selected sod mmerals-goethtte, Iihte, kaohnite 
and montmorillomte was also exammed (Emenk et al. 2003) The results showed that E2 
was adsorbed to the surface of goethite, Iihte and kaohmte, but taken up into the 
mterlayer of montmonllomte Thts suggested that the swelling clays such as 
montmonllomte may be an effective adsorbent for the removal of E2, and they wtll retard 
the transport of E2 m envrronment. 
Nghiem et al. (2002) investigated the retentiOn and adsorptlve behaviOur of El by two 
commerctal reverse osmosts membranes (TFC-S and X-20). They confrrmed that pH 
affected the performance of TFC-S, and the chemtcal reactiOn between El and membrane 
surface controlled the mass transfer Stenc and stze exclusiOn appeared to be the maJor 
mechanism that contributed to the removal of El m aqueous phase for X-20. Tests on the 
removal of El by hydrophobic microftltratwn, hollow fibre membranes have also been 
earned out m Australia (Chang et al 2002). The results showed that the adsorption could 
result m sigmficant accumulation of El to the membrane surface despite the large pore 
stze (0.5-l!!m). The partitioning of El between membranes and the aqueous phase was 
characterized by the Freundhch equatiOn. The performance of the mtcrofiltratwn 
membrane for El however decreased wtth the amount of El accumulatmg onto the 
membranes. 
In one study m Chma (Lm et al. 2003), EE2 was photodegraded by a htgh-pressure UV 
mercury lamp (250 W, wavelength>=323nm). Thts supports the work revtewed 
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previOusly from Canada where 1t was shown UV accelerated the degradation of the 
oestrogens. In common w1th the results of manganese and other organics the 
photodegradation rate could be accelerated by Fe3+ and algae. The rate of the reactiOn was 
also proportional to the concentratiOn (first order equation) Another similar study 
(Nakash1ma et al. 2002) was carried out by usmg of T102 photocatalysiS 1mmobilized on 
polytetrafluoroethylene (PTFE) mesh sheets and black-light fluorescent lamps. It was 
reported that E2 was reduced from an 1mtial concentratiOn of 90 J.lg/L by usmg relatively 
weak UV illummation In the type I reactor (stacked PTFE mesh sheets), the frrst-order 
rate constant was 0.033 /mm, wh1le in type 11 (vertically rad1atmg attached PTFE mesh 
sheets), 1t mcreased to 0 050 mm. 
Ozone has also been tested m the removal of oestrogens by Temes et al. (2003) It was 
reported that El m a muniCipal STW effluent at a concentration of 15±2 ng!L could be 
effectively removed by contactmg with ozone for 18 mm at doses of 10-15mg!L. 
Desp1te the work of these processes, carbon and ozone are thought to be the only certam 
method of fmal treatment to eliminate oestrogenic act1v1ty. They have been adopted as a 
part of the UK Nat10nal DemonstratiOn Programme (Stokes et al. 2006). 
3.6 SUMMARY 
The following pomts have been established by the review 
Deconjugatlon of the soluble glucuromdes and sulphates m the sewer and prelimmary 
treatment can confuse the analysis and apparently mcrease concentrations of oestrogen 
during its early stage of treatment E2 IS also degraded to El and 1t IS El wh1ch therefore 
has the highest concentratiOns m sewage. The range of El and E2 concentration found 
was between 19.3-136 ng/L and <0.5-78 ng!L. There was little literature on E3 as 1t 
exhibits much lower oestrogemc activ1ty The main concern was the synthetic oestrogen 
EE2, which although present at low concentration (0.2-13 ng!L), IS persistent through the 
treatment. 
Given the complicatiOns of analys1s (covered m the next chapter) at such low 
concentratiOns m complex sewage, an empmcal predictive model based on assumption 
about population has been proposed. 
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The previous work has established that biodegradatiOn IS more Important than stmple 
adsorptiOn for the removal of oestrogen durmg sewage treatment BIOdegradatiOn has 
been found to follow a first order equation wtth positive correlatiOns to temperature, HRT 
and SRT. Long retentiOn processes such as biOlogical nutrient removal and tertiary stage 
achteve better removals. Thus a general model based on the hypothesis that the 
oestrogens behave like many moderate recalcitrant organics durmg sewage treatment. 
Data from the successful removal of oestrogens by phystcochemtcal treatment has been 
mcluded. All the usual agents, activated carbon, ozone and photodegradatton are 
effective. Given the costs and poor sustamabtlity of these techmques, however, it seems 
certain they wtll only be used for polishmg after bmlogtcal treatment. 
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Table 3-19 The survey of oestrogen concentrations m STW mfluent and effluent 
Oestrogen Sewage treatment process, Analytical method 
El UK 
7 STW s with different processes, sampled on 3 occasiOns 
GC-MS 
Chelmsford STW, sampled dunng Nov.-Mar 
Chelmsford STW, sampled dunng Jul.-Dec 
GC-MS 
TwoSTWs 
3 STWs on the nvers Lea and Nene, detected m 33/57 samples 
ASP+ tertiary sand filtratiOn STW, Nov 2005 and Mar. 2006, one week 
composite ~amples 
HPLC-MS-MS 
Tnckhng filter+ tertiary lagoon STW, grab samples 
LC-MS(TOF) 
Canada 
18 municipal STWs, different processes, 24h composite samples, 
GC-MS 
10 STW s receiVIng domestic sewage, detected m 8/10 samples 
GC-MS-MS 
4 STWs, grab or 24-h composite effluent samples 
GC-MS 
Germany 
ISTW 
Detected m 5/13 samples 
16 domestic STW s, detected m 14/16 samples 
GC-MS-MS 
Mea~ured oestrogen concentration 
Influent (ng!L) Effluent (ng!L) 
I 4-76 
15-220 
27-56 
n d -3.4 
n d -I I 
36 6-116 (Nov) 19 3-33 9(Nov) 
19 3-33.9 (Mar) 9 6-131 (Mar) 
48 9d 18 9d 
19-78 1-96 
3', w•, 48' 
8-26 
<0.5-<1 
80' 
9', 22•, 70' 
Reference 
Desbrow et al 1998 
Rodgers-Gray et al 
2000 
Niven et al. 2001• 
Kanda et al. 200 1• 
Stokes et al. 2006 
Huo et al 2006 
Servos et al 2004 
Temes et al 1999a 
Lee et al 1998 
Hansen et al 1998• 
Wegener et al. 1999* 
Temes et al l999a 
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Upgraded domesttc STW with nutnent removal 
GC-MS 
20STWs 
Koblenz STW, combmed tncklmg filter and ASP, Oct 1999 
Xanten-Luttmgen ASP STW, oxidattve ditch, sampled m Oct 1999 
Italy 
6 ASP STW, sampled monthly for over 5 months 
LC-MS-MS 
5 ASP STW, grab samples, detected m 8/9 samples 
LC-MS-MS 
6 ASP STWs, sampled once a month for Sep, Nov. and Dec 2001 
LC-MS-MS 
Conventional ASP STW, Samplmg dunng Mar-May 2002 
LC-MS-MS 
The Netherlands 
5 ASP STWs (2 mdustnal, 3 domestic), two-occasiOn sampling 
LC-MS-MS 
3 STWs, grab samples 
LC-MS-MS 
Emdhoven ASP STW with nutrient removal, sampled m Sep 1999 
LC-MS-MS 
Amsterdam ASP STW with nutnent removal, sampled m Sep 1999 
LC-MS-MS 
Spain 
4 STWs, 24-h composite samples 
LC-MS 
Belgium 
Ghent-Ossemeersen ASP STW, sampled m May 2000 
Evergem STW, ASP with oxidattve ditch, sampled m Jun /Jul 2000 
54.9-76 6 
30-132 
12-34 
15-26, 35d 
18-102 
<1 
nd 
08 
45 
2 5-82 I, 9.3d 
<0 5-54 
17d 
5-30, 16d 
<0 4-47 (Dom) 
<0 1-11 (Ind) 
<0 4-47 
29 
38 
nd 
02 
<02 
Anderson et al 2003 
Stumf et al 1996* 
Johnson et al 20051 
J ohnson et al. 20051 
Barontt et al 2001 
J ohnson et al. 2000 
D' Ascenzo et al 2003 
Lagana et al 2004 
Belfroid et al. 1999 
Johnson et al. 2000 
Johnson et al. 20051 
Johnson et al 20051 
Sole et al 2000 
Johnson et al 20051 
Johnson et al 20051 
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France 
ASP STW with nutrient removal, sampled m May 200 I 5 John~on et a/ 20051 
ASP STW with anmx zone, sampled m Apr 2001 45 J ohnson et a/ 20051 
ASP STW with trade mflow of abattOir, food and distilling, Sep 2000 05 J ohnson et a/ 20051 
Finland 
Helsmki Vnkmmaki ASP STW with nutrient removal, Jun. 1999 28 Johnson et a/ 20051 
Lohpn Pitkamemi Oy ASP STW with nutnent removal, May 1999 <03 Johnson et al. 20051 
Norway 
Sequential aerated filter with anmx zone, mtnfymg, Sep 1999 3 Johnson et a/ 20051 
Pnmary chemical treatment with P removal, Oct. 1999 35 Johnson et a/ 20051 
Sweden 
A small domestic STW, chemical and biOlogical treatment 6 Larsson et a/ 1999 
GC-MS 
Kavhnge ASP STW with nutnent removal, May/Jun 1999 <0 3 Johnson et a/ 2005 
Switzerland 
2 STWs with ASP, MBR and fixed-bed reactor 
GC-MS-MS 
7.3-75 0 5-8 6 J oss et al. 2004 
Glatt ASP STW with nutrient removal, sampled m Oct. 1999 11 0 Johnson et al. 20051 
Rontal ASP STW with P removal, sampled m Sep. 1999 55 Johnson et a/ 20051 
Surental ASP STW with nutnent removal, sampled m Oct 2000 42 J ohnson et a/ 20051 
E2 UK 
7 STW s with different processes; sampled on 3 occasions 2.7-48, I Id Desbrow et a/ 1998 
GC-MS 
Chelmsford STW; sampled dunng Nov.-Mar 7-88 Rodgers-Gray et a/ 
Chelmsford STW; sampled durmg Jul-Dec 4-8 8 2000 
GC-MS 
TwoSTWs nd -09 Niven et a/ 2001' 
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3 STWs on the nvers Lea and Nene, detected m 33/57 samples n d -4 26 Kanda et al 200 [' 
ASP+ tertiary sand filtration STW, Nov 2005 and Mar 2006, one week 35 7-78 (Nov) <0 3-3 8 (Nov) Stokes et al 2006 composite samples 8 9-13 7 (Mar) 0 7-8 7 (Mar) 
HPLC-MS-MS 
Tncklmg filter+ tertiary lagoon STW, grab samples 22 7d 2 16d Huo et al 2006 
LC-MS(TOF) 
Canada 
18 mumcipal STWs, different processes, 24h composite samples, 
GC-MS 
24-26 0 2-14 7 Servos et al 2004 
10 STWs receivmg domestic sewage, detected m 8/IO samples 6', l4b, 64' Temes et al. 1999b 
GC-MS-MS 
4 STWs, grab or 24-h composite effluent samples <5-15 Lee et al 1998 
GC-MS 
Germany 
l STW <0 5-1.5 Hansen et al. 1998' 
16 domestic STWs, detected m 14/l6 samples n d ', 2b, 3' Temes et at 1999a 
GC-MS 
Upgraded domestic STW with nutnent removal 12.2-19 5 <I Anderson et al 2003 
GC-MS 
20STWs 21' Stumf et al 1996* 
Koblenz STW, combmed tnckhng filter and ASP, sampled m Oct 1999 <09 J ohnson et al 20051 
GC-MS 
Xanten-Luttmgen ASP STW, oxidatlve ditch, sampled m Oct 1999 <0 8 Johnson et at 20051 
GC-MS 
Italy 
6 ASP STW, sampled monthly for over 5 months 
LC-MS-MS 
4-25 0.35-3 5, I' Barontl et al 2001 
5 ASP STW, grab samples, detected m 8/9 samples <0 5-20 <05-7 Johnson et al. 2000 
LC-MS-MS 
6 ASP STWs, sampled once a month for Sep, Nov. and Dec 2001 
LC-MS-MS 
lld I 6d D' Ascenzo et a/ 2003 
52 
Chapter 3: Fate and Behaviour of Steroid Oestrogens in Sewage Treatment 
ConventiOnal ASP STW, Samphng dunng Mar-May 2002 10-31, 25d 3-8 6d Lagana et al 2004 
LC-MS-MS 
, 
Japan 
3STWs 6 9-30 Takahashi et al 2000* 
Detected m I 0/10 samples 0.28-55 Tabata et al 200 ! 8 
A mght sml STW 0 12 Takigami et al. 2000 
EL/SA 
The Netherlands 
5 ASP STW s (2 mdustnal, 3 domesllc ), two-occasmn sampling n.d.-12 (Dom) Belfroid et al. 1999 
LC-MS-MS <04-18 (lnd) 
3 STWs, grab samples n d-48 n d -12 J ohnson et al. 2000 
LC-MS-MS 
Emdhoven ASP STW With nutnent removal, sampled m Sep 1999 <I I Johnson et al 20051 
LC-MS-MS 
Amsterdam ASP STW With nutnent removal, sampled m Sep 1999 <08 J ohnson et al 20051 
LC-MS-MS 
Spain 
4 STWs, 24-h composite samples nd. Sole et al 2000 
LC-MS 
Sweden 
A small domestic STW, chemical and bmlogical treatment Larson et al 1999 
LC-MS-MS 
20 STWs with different processes, measured as E2 eqmvalent 1.1-21 I <0 1-16 4 Svenson et al 2003 
YES 
Kavlmge ASP STW with nutnent removal, May/Jun 1999 <09 J ohnson et al. 20051 
Belgium 
Ghent-Ossemccrscn ASP STW, sampled m May 2000 <06 Johnson et al 20051 
Evergem STW, ASP wtth oxidallve dttch, sampled m Jun /Jul 2000 <06 Johnson et al 20051 
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France 
ASP STW wtth nutnent removal, sampled m May 2001 
ASP STW wtth anoxtc zone, sampled m Apr 2001 
ASP STW wtth trade mflow of abattmr, food and dtsttlhng, sampled m Sep 
2000 
Finland 
Helsmkt Vnkmmakt ASP STW wtth nutnent removal, sampled m Jun 1999 
LohJan Pttkamemt Oy ASP STW wtth nutnent removal, sampled m May 
1999 
Norway 
Sequential aerated ftlter wtth anoxtc zone, mtnfymg, Sep 1999 
Pnmary chemtcal treatment wtth P removal, Oct 1999 
USA 
4 STWs employmg dtfferent processes, all detected 
EL/SA and GC-MS-MS 
4 STW s, all detected 
RIA 
Switzerland 
2 STWs wtth ASP, MBR and ftxed-bed reactor 
GC-MS-MS 
Glatt ASP STW wtth nutnent removal, sampled m Oct. 1999 
Rontal ASP STW wtth P removal, sampled m Sep. 1999 
Surental ASP STW wtth nutnent removal, sampled m Oct 2000 
UK 
7 STWs wtth dtfferent processes, sampled on 3 occaswns 
GC-MS 
Chelmsford STW recetvmg pnmary domesttc sewage 
GC-MS 
4 9-11 
23 
5.7 
<I 
<08 
<0 8 
3 
13 
0 2-4 05, 1.9' 
n d -3 66 
2:0.5-1 
<0 8 
07 
I 8 
n d -7 
I 7-3 4 
J ohnson et al 20051 
J ohnson et al 20051 
Johnson et al 20051 
Johnson et al. 20051 
Johnson et al 20051 
Johnson et al 20051 
J ohnson et al 20051 
Huang and Sedlak2001 
Snyder et al. 1999 
J oss et al 2004 
Johnson et al. 20051 
J ohnson et al 20051 
J ohnson et al. 20051 
Desbrow et al 1998 
Rodgers-Gray et al. 
2000 
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TwoSTWs 
3 STWs on the nvers Lea and Nene, detected m 33/57 samples 
ASP STW, 8 samples 
ASP+ terttary sand ftltrattOn STW, Nov 2005 and Mar 2006, one week 
compostte samples 
HPLC-MS-MS 
Tncklmg ftlter + terttary lagoon STW, grab samples 
LC-MS(TOF) 
Canada 
10 STWs recetvmg domesttc sewage, detected m 9/l 0 samples 
GC-MS-MS 
Germany 
l STW 
l3 STWs 
16 domesttc STW s, detected m 141!6 samples 
GC-MS 
Upgraded domesttc STW wtth nutnent removal 
GC-MS 
20 STW s, all detected 
Italy 
6 ASP STW, sampled monthly for over 5 months 
LC-MS-MS 
5 ASP STW, grab samples, detected m 8/9 samples 
LC-MS-MS 
ConventiOnal ASP STW, Samplmg dunng Mar-May 2002 
LC-MS-MS 
The Netherlands 
5 ASP STWs (2 mdustnal, 3 domesttc), two-occasiOn samplmg 
LC-MS-MS 
<2-<2 (Nov) 
0 2-2.8 (Mar) 
2 29d 
6 2-10 I 
0.4-13 
<0 5-10 
nd 
nd Ntven et al. 2001• 
n d -I 85 Kanda et al 200 1• 
n d-7 Aheme, et al 1989• 
<1-<2 (Nov) Stokes et al. 2006 0 9-1 7 (Mar) 
I 23d Huo et al. 2006 
9', 29b, 42' Temes et al. 1999b 
<02-3 Hansen et al 1998• 
nd. Wegener et al 1999. 
1',4b, 15' Temes et al. 1999a 
<I Anderson et al 2003 
17', 62' Stumf et al 1996• 
n d -1.7, 0.45' Barontt et al 200 I 
n d -2.2 Johnson et al. 2000 
nd Lagana et al 2004 
<0 2-<1 8 (Dom ) Belfrmd et al 1999 
<0 2-2 6 (Ind ) 
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3 STWs, grab samples 
LC-MS-MS 
Spain 
4 STWs, 24-h composite samples 
LC-MS 
Sweden 
A small domestic STW, chemical and biOlogical treatment 
LC-MS-MS 
Switzerland 
2 STWs with ASP, MBR and fixed-bed reactor 
GC-MS-MS 
USA 
4 STW s, all detected 
RIA 
4 STWs employmg different processes, all detected 
EL/SA and GC-MS-MS 
• = medmn, = 90 percentile, c = maximum, = mean, 
n.d. = not detected; 
<0 5-8 8 
07-4 3 
*Cited m UK WIR report (Ref No 02/TX/0415), 2001, the analytical methods were not g1ven. 
<0 2-<1.4 
nd 
4 
2:0 5-0 5 
n d -0 76 
n d.-2 42 
t Analytical method m th1s European STW investigatiOn was LC-MS-MS or GC-MS dependmg on the laboratory. 
Detmls of the analytical methods IS listed m Table 4-6 
Johnson et al 2000 
Sole et al 2000 
Larson et al 1999 
Joss et al. 2004 
Snyder et a! 1999 
Huang and Sedlak200 I 
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CHAPTER 
4 
REVIEW OF ANALYTICAL METHODS 
Accordmg to the literature summary drawn up m Table 3-19, the concentration of EE2 m 
sewage effluent vanes from undetectable to 42ng/L, wh1lst the natural oestrogens vary 
from undetable to 220 ng!L for El, 88 ng/L for E2, and 18 ng/L for E3. The UK National 
DemonstratiOn Programme agreed between the EA Utilities and OFWAT as proposed a 
target envrronment standard for total oestrogens in sewage discharges to be 1 ng/L (total 
oestrogen concentratiOn expressed as E2 eqmvalent, Equation 3-1) These concentratiOns 
make the analysis of steroid oestrogens m the complex sewage matnx a technical 
challenge Sewage normally contains many orgamc compounds of snnilar structure, 
molecular weight and polanty that can mterfere m the oestrogens at the desired low 
detection limits (around lng/L or less). Thus the concentrations reported m the literature 
need careful interpretatiOn With regard to the number of replicates reported, the analytical 
techmques used and the types of waste water sampled. 
The strength and composition of the waste water to be analyzed has a great mfluence on 
the rehab1hty of analysis as the number and concentratiOns of potential mterfering 
orgamcs mcrease with the complexity of the waste water. So, It has been more difficult to 
develop reliable methods With reproducible values and low limits of detection for sewage 
than for drmkmg waters. Thus complicated tlme-consummg and labonous extractiOn and 
preconcentration procedures are usual! y needed prior to sensitive detection for accurate 
determmation of steroid oestrogens. 
So far, there is no standard method for steroid oestrogen analysis, although a proposed 
British Standard InstitutiOn (BSI) Methods of ExaminatiOn of Water and Associated 
Matenals (MEW AM) technique IS at consultation at the moment (Huo et al. 2006) 
Generally, the reported analytical techniques consist of an extraction stage from up to 5 
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hters of sample followed by a sensitive detectiOn and quantification step (b10assay or 
mass spectrometry) A w1de range of vanations on tlus bas1c approach have been reported 
for not JUSt oestrogens but other endocnne disrupters, pharmaceutical and household 
products m wastewaters. If the objectives of the work is to evaluate whether there IS 
physiOlogical activity (e g. oestrogemc activity) in an effluent discharged, then there are 
also a range of in vitro or in vzvo b10assays (e g. ER-CALUX, YES, fish tests), wh1ch 
could be utilized to screen for this. Tlus IS how the oestrogenic potential of effluents was 
reported based on observations of phys10lopcal changes m fish. To identify and quantify 
a particular type of oestrogen, then qualitative and quantitative chem1cal analys1s or a 
biolog1cal assay (e g. ELISA, RIA) IS needed (Bukett et al. 2003). 
Th1s chapter reviews analytical techniques reported m literature concerning the sample 
handlmg, extraction and the final detection. 
4.1 ESTIMATION OF OESTROGEN LEVELS IN A STW 
Smce the domestic populatiOn IS the primary source of steroid oestrogens m sewage, 1t 
should be poss1ble to calculate the quantity of stermd oestrogens that a population would 
generate on a daily bas1s from the med1cal literature on excreted concentratiOns. An 
estimation model was developed by J ohnson et al. (2000, 2004) to pred1ct the 
concentrations of the stermd oestrogens El, E2 and EE2 m STW influent and effluent To 
1mprove the prediCtiOn, a w1de range of factors were rev1ewed and assessed: 
( 1) The quantity of each steroid oestrogen excreted by different sections of the 
population, 
(2) The quantities of different steroid conjugates excreted m urme and faeces; 
(3) The extent of deconJugatwn durmg transit m the sewers; 
( 4) The extent of transformation of free stermd oestrogens dunng transit m the sewers; 
(5) The amount of EE2, the synthetic oestrogen, mgested and the proportiOn transformed 
m the body. 
The Johnson et al. (2000, 2004) model was an accountmg model where the total mass of a 
steroid oestrogen arnvmg at a sewage treatment works was assumed to be equal to the 
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sum of the sterOid oestrogen components above excreted from the different groups of the 
populatiOn The model is expressed by the followmg equatiOns: 
n 
" • g ' SE!= L..fl(U Ell +U Ell +U Ell +F£1,1)+0.5SE2 
1=1 
EquatiOn 4-1 The El concentratiOn estimation model formula 
n 
SE2 = 0.5Lf. (U·E2,1 +U' £2,1 +U' £2,1 + FE2 1) 
1=1 
EquatiOn 4-2 The E2 concentratiOn estimatiOn model formula 
EquatiOn 4-3 The EE2 concentration estimation model formula 
Where SEJ.SEz.SEEz-the total mass of El, E2 or EE2 m all forms arriving at the STW; 
f,- the 1th fraction of the populatiOn; 
u'1- the amount and specJatiOn of the oestrogen m unne excreted by the 1th 
fractiOn (f,) of the populatiOn (Jlg/d); 
Superscnpts ', g, and s - represent one of the three possible forms of oestrogens 
(free, glucuromde and sulphate); 
FE1,1, FEz,,, FEEz.,- the total El, E2 or EE2 excreted in faeces, 
S E2 - the internal generation of El by biOtransformatiOn of E2; 
/EEZ- the factiOn of the populatiOn takmg the contraceptive p11l. 
The model divided a population to five groups excretmg El and E2 at different rates and 
Identified by subscripts 1-5 m the Equations 4-1,4-1 and 4-3. They are: 
(1) pregnant females (0.88%), 
(2) menstrual females (30% ), 
(3) menopausal females (11 %), 
(4) females takmg hormone replacement therapy (2%), 
(5) males (50%). 
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The Johnson literature and Chapter 3 of th1s thes1s indicted the ready degradability of E2 
to El which is then more persistent, and the slow degradation of EE2. It was assumed that 
half of the E2 was converted mto El dunng transit m sewers whilst El and EE2 were not 
transformed dunng th1s process. However, the b10degradat10n of oestrogens during sewer 
transit is subjected to a range of envuonmental factors. e.g. temperature, toxics, b10mass 
act1V1ty, transit duratiOn, etc. Thus th1s assumed E2 conversion may not be smtable m 
some cases. The results of a survey of excreted El and E2 by Caucasian onm1vorous 
women reported by Johnson and W!lllams (2004) are g1ven m Table 4-1 and 4-2. In 
recent years, hormone replacement therapies contammg EE2 have been replaced by 
products containmg only natural oestrogens, thus the only input of EE2 was considered to 
be the contraceptive pill. It was estimated that 17% of the female population were using it 
and mgesting 26 !lg/d of EE2. The fate and excretiOn of EE2 was also shown in F1gure 4-
1 
As hormone replacement therapies containmg EE2 appear to have been largely replaced 
by products contammg natural oestrogens, the only mput considered was contraceptiVe 
pill use and that 17% of the total female populatiOn are mgestmg 26 !lgld. The fate and 
excretiOn ofEE2 in the body was also shown in Figure 3-2 (Johnson et al. 2004). 
Table 4-1 Normalised excretiOn value for El (Johnson and Williams 2004) 
Percentage Mean (range) of El Mean (range) 
oftotal production of 
population excretl<?n (!lg/d) each group (!lg/d) 
(fEJ ,) (U El,!) (SEI ,) 
Males 50% 2.6 (1 4-2 9) 1 3 (0.7-1.5) 
Menstrual females 30% 11.7 (7.5-15.4) 3.5 (2 3-4.6) 
Menopausal females 11% 1.8 (0 0-5.7) 0.2 (0.0-0 8) 
Females on hormone 2% 28 4 (24 0-33 0) 0 6 (0.5-0.7) 
replacement therapy 
Pregnant females 0 88% 550 (432-668) 4 8 (3 8-5.9) 
Average/head 105 (7 2-13.4) 
Addition of El from E2: 0 5 3.3 (2.6-4.2) 
SE2 transformation 
Rev1sed average per head SE1 13.8 (9.9-17.6) 
* Means g1ven w1th upper and lower values denved from two standard errors to g1ve 95% 
confidence mterval 
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Table 4-2 Normalised excretion value for E2 (Johnson and Wilhams 2004) 
Percentage Mean (range) ofE2 Mean (range) 
of total 
excreti9n (Jlg/d) production of populatiOn (U E2,,) each group (Jlg/d) (fE2. ,) (SE2 ,) 
Males 50% 1.8 (1.3-2.4) 0.9 (0.7-1.2) 
Menstrual females 30% 3.2 (1.7-4 6) 1 0(05-14) 
Menopausal females 11% 1.0 (0-3.5) 0.1 (0-0.5) 
Females on hormone 2% 56 (51-61) 1.1 (1.0-1.2) 
replacement therapy 
Pregnant females 0 88% 393 (340-445) 3 5 (3 1-4.1) 
Average/head 6 6 (5.3-8.4) 
Corrected followmg 50% 3.3 (2.6-4.2) 0.5SE2 loss m sewers 
* Means given with upper and lower values denved from two standard errors to give 95% 
confidence mterval 
26 Jlg/d EE2 mgested 
/~ 
30% in faeces but 77% of this as 
free EE2, 26 Jlg/d 
43% metabolised within the body 
2-hydroxy-17a-ethmyl oestradwl 
\ 
2-methoxy-17a-ethmyl oestradwl 
27% or 7 1J1g/d dose m unne \ /\ CO,? 
63% of that in unne present as 
glucuromde conJugates, i e. 
4.5 Jlg/d in urine 
11% excreted as conjugated 
metabolites or as EE2·S04 
conjugates 
Following deconjugat10n gives 10.5 Jlg/d combmed free EE2 m raw 
sewage influent (40% of that mgested) 
Figure 4-1 Fate and excretion of EE2 in the body as a basis from the predicted 
concentrations m the J ohnson model 
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These normalised excreuon values for El, E2 and EE2 are multiplied by the domeslic 
populatiOn and then divided by the STW flow rate to g1ve the influent oestrogen 
concentration. In order to predict oestrogen concentralions m the final STW effluent, then 
the estimation of stermd oestrogen losses during sewage treatment process should then be 
introduced Johnson and Wllliams (2004) compiled the results available from ASP STWs 
and produced a survey of removal values. The average removals of El, E2 and EE2 are 
64 7±5 8%, 81.7±10.6% and 85 2±5.1% respeclively (Table 3-13). 
The model corroboratatwn was camed out by comparing predicted data w1th observed 
data from 6 Italian STWs (influent and effluent), 1 German STW (influent) and 1 British 
STW (effluent) (Johnson and Wllliams 2004) Overall, the model provided good 
eslimation for STW mfluent values. A regressiOn of the predicted mean values agamst the 
observed means gave R2 values of 0.70(p<0.001) for El, 0 66 (p<O.OOl) for E2 and 0.53 
(p=O 06) for EE2 For the estimatiOn of STW effluent values, the predicted E2 and EE2 
ones fall Within the ranges of observed values but the concentratiOn values of El proved 
the most difficult to predict. Th1s was supported by the work of Wlllimas et al. (2003) 
that the dmly variallons m El removal performance were erratic w1th a day-to-day change 
m effluent concentratwns of a factor of 10. Baronti et al. (2000) also reported that the 
removal for El for indmdual STW varied between 22 and 94%. 
As more data on steroid oestrogen concentratiOns become available from the National 
Programme, more opportumties Will occur to validate th1s model. A process of refinement 
will occur as more IS understood about the removal mechanisms as for exaJnple descnbed 
m th1s thesis The model needs accurate flow data which IS not always available and the 
actual head of population. Similarly, accuracy maybe Improved where there IS a local 
value for contraceptive pill use, prevalence and type of hormone replacement therapy 
used, and pregnancy rates The model used reported excretiOn value assummg these data 
are representative for an mdustnalized Western country, whereas diets and lifestyle 
differences m different countnes Will exert an mfluent on excretion 
Among other thmgs, development of this model has demonstrated a need for more 
knowledge about the bwlogical actiVIty m sewers. Data avmlable on the fate m ASP 
systems but there is still little data on the performance of other processes, e g bwlogical 
(tricklmg) filters which are the most common form of sewage treatment for small works 
(Johnson et al2004). 
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This model w1ll provide a good bas1s for pred1ctmg possible environmental nsks and has 
been applied in th1s research (SectiOn 6 5) together w1th the analysis to add to the 
knowledge on its apphcation 
4.2 SAMPLE HANDLING 
4.2.1 Sample collection 
G1ven the dmrnal variatiOns typical m sewage, composite samphng is commonly used for 
analysis and given the biOdegradability of the oestrogens; compos1te samples will require 
mitlal preservation, and then pre-treatment to get nd of mterference and finally 
concentratiOn to the hmlt of the detection The NatiOnal DemonstratiOn Programme 
includes a detmled samplmg schedule suggested by the Environmental Agency (Apnl 
2005) and tned by Anglian Water given m Table 4-3 (Huo et al. 2006). 
The sampling programme revealed that g1ven the stages needed to accurately evaluate a 
STW' s performance on oestrogen removal it w1ll be a great workload It was concluded 
by Huo et al. (2006) that ach1evmg an Ideal oestrogen performance of STW may not 
generate good data and be beyond the resources avmlable in many sections of the water 
industry 
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Table 4-3 NatiOnal demonstratiOn programme samplmg programme (Huo et al 2006) 
Pnor to Fmal Sampling regime Influent tertiary 
effluent 
treatment 
Short-term intensive study 
• Stermd oestrogens ,/ ,/ ,/ 
Types of 
• Yeast Estrogen Screen(YES) assay ,/ ,/ ,/ 
analysis 
• Routme sanitary analysis ,/ ,/ ,/ 
Hourly samplmg over the first day 24 24 24 
Sample 4-hourly sampling over the next 6 days 36 36 36 
numbers 
Total number of samples 60 60 60 
Long-term monitoring 
• Stermd oestrogens ,/ ,/ ,/ 
Types of 
• Yeast Estrogen Screen(YES) assay ,/ ,/ ,/ 
analysis 
• Routme sanitary analysis ,/ ,/ ,/ 
Sample Fortmghtly samphng over 52 weeks 26 26 26 
numbers Total number of samples 26 26 26 
Fish tests 
Types of • 21 day in vivo vitellogenm screening 
,/ 
analysis assay of oestrogenic response 
Sample Twice over the 52 weeks 2 
numbers Total number of samples 2 
4.2.2 Sample preservation 
Sewage samples were usually stored before extraction. The analysis of sewage samples 
reported by Johnson et a/.(2000) used the storage at 4 oc from the moment of collectiOn 
and the penod of 1-5 days. A longer penod was reported by Kuch et a/.(2000) of one 
week. A lower temperature of -20 oc was used by Roders-Gray et al. (2000) for freezmg 
the unpreserved samples. 
BarontJ et al. (2000) tested the stab1hty of oestrogens dunng the storage of nver water 
samples. The authors found the best way of sample storage was to immediately pass the 
raw field sample through the extractiOn cartridge (Carbongraph-4), and wash the cartridge 
With methanol, then store it at -l8°C. Under these conditiOns, these samples for extensive 
momtonng could be stored for up to 60 days without sigmficant loss of oestrogens. By 
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stonng the water sample in bottles w1th 1% formaldehyde, there were also no sigmf1cant 
losses of the oestrogens after 24 days. Th1s study md1cated the importance of 
biodegradation m reducmg oestrogen concentratiOns durmg storage. Other authors 
reported a similar preservative adding approach to that of Baron!! et al. (2000), with 
chemicals such as methanol (Desbrow et al. 1998) or sulphunc ac1d (L6pez de Alda et al. 
2000) to the water samples to prevent bactenal actlVlty. 
In the development of MEWEM standard method tests were earned out by Anglian Water 
as part of the Demonstration ProgranJme (Huo et al. 2006), they found that even when 
refngerated at 4 °C, degradation of El and E2 st1ll occurred, and the half life t1me for El 
was approximately 7 days and for E2 was approximately 3 days. The degradatiOn curve 
for E2 may be also distorted by the conversiOn of E2 to El. Thus samples need to be 
preserved or extracted w1thm 24 hours, or the proportiOn of oestrogens will change. It was 
suggested m the consultatiOn (Huo et al. 2006) that the best way to prevent th1s IS in situ 
sample preservatiOn by addmg 1 mL HCl and 0.25g Cu(N03)2 per litre of sample, and 
stonng the preserved samples below 10°C. The oestrogens concentratiOns then could be 
held for up to 14 days. Because of th1s in situ sample preservation, then standard EA auto-
samplers were not smtable wh1ch also increased the samplmg labour and costs. It was also 
mentioned that samples needed to be protected from duect sunlight or artificial hghtmg 
during transport and storage, but 1t was not made clear whether the oestrogens were 
especially vulnerable to photolysis Thus the literature rev1ew has showed that 
degradation occurs withm 24 hours even at 4 OC and so chemJcophysJcal preservatiOn is 
necessary. 
4.2.3 Sample pretreatment 
Filtration/Centrifugation 
Sewage samples contam up to 200 mg!L of organic matenal and Similar masses of 
suspended particles, filtratiOn can be used to remove most of them and IS usually the first 
step of sample preparation. This step is also necessary to protect subsequent concentratiOn 
of the oestrogens based on solid-phase extractiOn (SPE), as suspended solids could eas1ly 
clog the adsorbent bed. If immunochem1cal assay IS used then th1s could help to av01d 
undeSired adsorptiOn of the antibodies to solids. The filtratiOn step has been performed 
Simultaneously w1th sample collection and/or extractiOn, or as a separate step. Filter 
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reference has determmed the type of f1lter used, so that pads, filter md powder, glass wool 
and syringe have been used as well as standard Buch1ers and Hartleys Most of the stud1es 
reviewed employed filters (glass fibre or polypropylene) w1th a pore s1ze between 0.22 
fliD and 1.2 fliD. 
The lipophilic properties of the sterOid oestrogens have led to the hypothesis that the 
oestrogens could be retamed by the filter matenal. Des brow et al ( 1998) tested th1s by 
sequential extraction usmg a senes of solvents of mcreasing polarity from the matenal 
removed from 20L STW effluent by filtration though a glass f1bre filter(1.2 Jlm). The 
oestrogemc actiVIty was then determmed by the yeast-screen assay (YES). Desbrow 
concluded that the oestrogemc compounds were not retamed by filters and was present in 
the dissolved phase of the effluent samples. Huang and Sedlak(2001) also arnved at a 
similar conclusion based on 99% recovery of a known concentration of oestradiol added 
to an unfiltered waste water effluent. A {).22 !liD polypropylene in-line filter was used. 
Thus the mdicatJOns were from these expenments that despite the Kow mdicatmg h1gher 
lipophilicity that the oestrogens are not strongly adsorbed to solid surfaces. Despite these 
findmgs, filters were still washed w1th methanol (3-10mL) to remove any analytes wh1ch 
might be adsorbed on to the particles Th1s methanolic extract was then added th1s 
methanolic extract to the sample (Baronti et al 2000, Johnson et al. 2000). 
W1th the same aim of removing suspended sohds, centnfugation was also reported bemg 
as an additiOn to the filtration step (S1egener and Chen 2000, c1ted from L6pez de Alda et 
al. 2001a) or mstead of It (Shore et al.1993, c1ted from L6pez de Alda et al. 2001a). 
In conclusiOn, filtration w1th s1mple glass fibre filters and a smgle methanol wash has 
been shown to be suitable. 
Extraction 
ExtractiOn IS a cntical step in sample pre-treatment for a higher oestrogen recovery. 
Except for Barber et al. (2000, c1ted from L6pez de Alda et al. 2001a) and Tabak et al. 
(1981, c1ted from L6pez de Alda et al. 2001a), who used liquid-liquid extraction (LLE), 
other works all employed sohd-phase extraction (SPE). 
Both cartndges (more frequently used) arid discs have been employed for oestrogen SPE. 
Kelly (2000) has mentiOned that discs are not eas1ly clogged by remammg collOidal and 
part1culate matenal present m the filtrated samples, and provide larger water/extraction 
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surface areas resultmg m higher extraction rates; they also have low levels of 
contammation leached from plastic wall. However, L6pez de Alda et al (2001a) has also 
argued that discs have no remarkable advantage m terms of overall analysis time 
compared to cartridges due to the larger volume of solvent used for the elutiOn. Cartridges 
have the advantage of bemg amenable to automation, because robotic devices are already 
available for the unattended extraction programme of washing, cond1tionmg, sample 
loadmg, rewashmg, drying and final elutiOn for up to 16 or 24 samples in a single batch 
(Huo et al. 2006, L6pez de Alda et al. 2001 b). 
Octadecyl (C18)-bonded Silica IS the most widely employed SPE adsorbent m both the 
cartndge (Desbrow et al. 1998, Rodgers-Gray et al. 2000, L6pez de Alda et al 2000) and 
disc formats (Huang and Sedlak2001, Kelly 2000). It has been shown to achieve high -
recovenes for non-polar compounds. Styrenedivinylbenzene (SDB or Isolut ENV +) 
cartndge (Larsson et al. 1999, Huo et al. 2006, Stokes et al. 2006) and SOB-XC discs 
(Belfr01d et al. 1999, Snyder et al 1999, Johnson et al. 2000) has also been used by a few 
researchers. A completely different adsorbent like graph1tized carbon black m cartndges 
(Baronti et al. 2000, Johnson et al. 2000) was reported and which was one of the current 
recommended additional treatment techniques in pilot scale (Stokes et al. 2006). 
L6pez de Alda et al (2000) however suggested that polymenc adsorbent (SDB) was 
unsuitable for quantitative extraction of oestriol (E3) from water m comparison with C18 
which gave a better extraction Adsorpt10ns of the other oestrogens were all satisfactonly 
extracted by both C18 and SDB. A controlled companson between SDB and C18 was 
camed out by Komer et al. (1999). The author performed parallel extractiOn of three 
effluent samples and raw sewage sample usmg two different SPE matenals. The 
comparative performance was tested from extracts w1th the E-screen assay. One of the 
SPE was 1g of a not end-capped C18 reversed phase; the other was 200 mg of the 
polystyrene copolymer resm ENV+. The quantitative results of theE-screen (EEQ and 
RPE) showed no sigmficant differences between the two extractiOn standard matenals for 
any of the four samples, providing evidence that both C18 and SDB were suitable for 
oestrogen extraction from sewage and effluents. The use of C18 and SOB m combinatiOn 
has also been descnbed by Temes et al (1999a) and Kuch et al. (2000) w1th good 
recovenes for investigated anal ytes. 
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More specifically, extractions reported by Roders-Gray et al. (2000), Barontl et al. (2000) 
and Johnson et al. (2000) were earned out by addmg methanol, whlist the m the study of 
Temes et al. (1999a), pH values were adJusted to 3 before extractwn. 
The reported sample loadmg flow rate has vaned between 0 5 (Huang and Sedlak2001) 
and 70 mUmin (Kuch et al. 2000). The subsequent drymg of the cartridge or discs has 
been by both mtrogen and compressed air. 
The solvent, volume and number of steps used for elution of the cartndge have depended 
mamly on the type of adsorbent and format (cartridge or disc). Elut10n from C18 is 
usually performed with pure (Huang and Sedlak200 1) or aqueous (80-85%) methanol 
(Kelly 2000) in two steps with total elutwn volumes varymg between 10-20 mL for 
cartndge and 15-60 mL for discs Snyder et al. (1999) eluted oestrogens from SDB-XC 
discs by sequentially passmg and subsequently combming, 15 mL of acetone, 25 mL of 
dichloromethane and 10 mL of hexane. Another elutwn reported by Belfroid et al. (1999) 
who used 3x5 mL methanol. Larsson et al. (1999) eluted analytes from Isolut ENV+ 
cartndge with ethyl acetate which was also used by Huo et al. (2006) m the proposed 
standard method. Another study With Isolut ENV + cartridge SPE used dichloromethane 
(Stokes et al. 2006). For combmatwns of SDB and C18 adsorbents, the elut10n was 
conducted with acetone (4x1 mL) (Temes et al. 1999) and 10 mL of acetone plus 10 mL 
of methanol. (Kuch et al 2000). Graphltized carbon black adsorbents behave both as non-
specific adsorbents and aniomc exchangers and so stepwise desorpt10n with water, 
acidified methanol, and methanol, followed by elut10n with dichloromethane-methanol 
(80 20 or 60·40) was apphed to furnish cleaner fmal extracts (Baronti et al. 2000 and 
Johnson et al. 2000) 
This review has mdicated therefore that C18 has the simpler elution stage compared to the 
alternative SDB (lsolut ENV + ). 
Purification 
Because of the complexity in sewage matrix, a number of other organics are also eluted 
even with selected SPE, therefore further clean-up before analysis has been used by 
studies dealing with slurry such as crude and settled sewage samples. This clean-up has 
been reported by a smgle step or a senes combmatwn. 
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Smgle step HPLC clean-up was used by Huang and Sedlak(2001) and Snyder et al. 
(1999) before immunoassay determmatwn and by Lopez de Alda et al. (2000) and 
Rogers-Gray et al (1999) before the chemical analysis. Ternes et al (1999) and Kuch et 
al. (2000) used a simpler smgle gel permeation chromatography. 
Two-step punficatwn has been more common. Johnson et al. (2000) and Belfroid et al 
(1999) adopted the same method before GC-MS-MS analysis They passed the extracted 
samples through a C 18/NH2 cartridge and then fractwnated with HPLC Huo et al. (2006) 
in the proposed standard method used firstly a normal phase HPLC and then a gel 
permeatiOn Stokes et al. (2006) fustly used punfication by gel permeation and then 
further separatiOn by NH2 cartndges. 
Good detectwn limits, in the low nanogram or sub-nanogram per litre level, without 
second stage punfication, have only been reported by researchers usmg graphitized 
carbon black adsorbents for SPE before analysis by LC-MS/MS (Baronti et al. 2000, 
J ohnson et al. 2000). 
Thus in terms of the best practical methods two stage concentratiOn has been used but 
there was no evidence found to mdicate whether liqmd, gel or solid extraction was best 
Evaporation 
Evaporation IS used for sample volume reductiOn and oestrogen concentratiOn followmg 
the step of extraction. 
Evaporation has been suggested by some at several stages throughout the whole pre-
treatment procedure. The volume reduction methods applied were either rotary 
evaporation (Mol et al. 2001) or mtrogen/compressed air evaporation, the chmce 
dependmg mainly on the volume of extract to be concentrated and whether ambient or 
higher temperatures to be used. It has been suggested that the evaporation at high 
temperature can result m losses of the more volatile compounds. Although Baronti et al 
(2000) reported some losses when extracts were dned completely, satisfactory recovenes 
of oestrogens have been achieved by most authors. Huang and Sedlak(200 1) for example 
performed specific expenments and concluded that losses dunng the evaporatiOn were 
mimmal ( <1%) 
A few simple precautiOns have been resulted from these researches to mimmize possible 
losses These mclude control of the flow rate and temperature when mtrogen evaporation 
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IS used, protectiOn of the samples from Eght to prevent losses by photolytic degradatiOn, 
and ensunng the extract 1s not left to completely dry out for extended penods (Lopez de 
Alda et al. 2001 ). 
Other selective steps 
1. Enzyme hydrolysis 
Enzyme hydrolysis has been used by researches to d1fferentmte between conjugated and 
free oestrogens Enzyme hydrolysis releases oestrogens from the conjugates, thus the 
concentrations of oestrogens can be determmed by companng the results before and after 
hydrolysis. 
Glucuromdase enzymes are avmlable and have been used by Belfroid et al. (1999) Huang 
and Sedlak(200 1) gave the details of usmg the combmation of glucuromdase and 
sulphatase. The extracted and dned samples were reconstituted in acet1c acid buffer with 
the enzymes added in, and hydrolysis was accelerated at a temperature (30 to 35 °C) for 
16-20 hours. It was reported however that only 30% of E2-sulphate was reported bemg 
deconJugated to E2, this may lead the underestimate of sulphate-conJugated oestrogens. 
An advantage of LC-MS was suggested by L6pez de Alda et al. (2001a) that it can be 
used for directly determmmg the concentratiOn of both free and conjugated oestrogens 
w1thout hydrolysiS step. 
2. Derivatization 
Derivat1zat1on IS necessary to mcrease the volatility of the oestrogens 1f GC analysis IS to 
be used for detection. However, 1t was also pointed out that th1s additional step is likely to 
result in sample losses (Desbrow et al 1998). 
Steroid oestrogens are usually derivatlzed at the -OH groups of the stero1d ring (Pertrovic 
et al. 2002). Mol et al (2001) suggested that m princ1pal, steroid oestrogens w1th 
hydroxyl-group can be determmed by GC-MS w1thout derivat!zat10n, but several 
problems were reported w1th th1s approach for environmental samples, hke losses due to 
adsorption at the inlet, and peak tailing due to interactiOn of the analytes with active sites 
m the analytical colunm. 
It was also reported that the lower the analyte concentratiOn and the older the colunm, 
then the more severe the tmhng. Additionally, the ta1hng was matrix dependent, and a 
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matnx like sewage can shield active sites m both the mlet and the analytical column thus 
h1dmg the losses and peak ta1lmg. A detmled descnptwn of the optimizatiOn and the 
factors (temperature, time, matnx, solvent, and the mnount of reagent) for denvatization 
w1th N-methyl-N-(tert-butyldimehylsilyltnfluoroacetamide(MTBSTFA) was mcluded m 
the research by Mol et al (2001). 
4.3 ANALYTICAL DETECTION METHODS 
4.3.1 In vivo tests 
The applicatiOn of bwassays has mcreased because of their simplicity compared to the 
chemical methods. In the case of EDCs, the m vivo bioassay mvolves quantization of 
biological responses that have not necessarily been mcluded routinely m traditional BSI 
MEW AM tests. In vivo bwassays can measure specific responses and can be sensitive 
enough to distingmsh small differences in analyte activities. 
The most commonly reported biomarker for potential adverse oestrogemc effects of STW 
effluents IS elevated levels of v1tellogemn (the female-specific egg yolk precursor protem) 
m male fish plasma. The oestrogen concentratiOn, duratiOn of exposure, age, size and sex 
of fish are all closely related to the test results Generally, a full life cycle test can provide 
reliable and comprehensive data set, but It is not likely that in vivo tests will be utilized 
for momtonng the env1romnent or discharges from STWs, as the costs, time and ethics 
are prohibitive. 
In vzvo assays provide more sensitive concentration-response relationships than chemical 
tests or in vitro assays. For exmnple, EE2 IS 1-2 times more oestrogemc than E2 as 
measured m the YES assay, but 25 times more oestrogemc as measured by vitellogemn 
mduction (Johnson and Sumpter, 2001). 
Their application has been m validating other techmques, either for screening or 
monitoring (Birkett et al 2003). In the UK National DemonstratiOn Programme, fish tests 
will be earned out together With m vitro and chemical analysis. It will take the fonn of a 
21-day m vzvo v1tellogemn screening assay of based on 2 smnples per year (Huo et al. 
2006) This method was also reported by Ankley et al. (2001) usmg fathead mmnow 
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(Cyprinidae), medaka (Adnamchthyidae), zebraflsh (Danw), sheepshead mmnow 
(Cyprmodontldae) Roach and trout were used by Routledge et al. (1998). 
4.3.2 In vitro tests 
One of the most Widely m vitro tests used IS the E-SCREEN b1oassay, which is based on 
the culturing of human breast tumour celllme of MCF-7. 
The presence of oestrogen proliferate cells whilst m the absence of oestrogens the growth 
IS slow. The E-SCREEN IS a very sensitive assay wh1ch can be used to measure the 
effects of smgle chemicals or complex mixtures at ng!L concentratiOns (Soto et al. 1995). 
The E-SCREEN is also a relatively simple and robust test and has been widely applied. 
Although cell proliferatiOn assays have their limitatiOns (Zacharewsk1 1997) they can 
provide quantitative estimates and are applicable to environmental samples (Korner et al. 
1999). The end pomt of E-SCREEN has also been modified by Korner et al. (1999), who 
utilised a colonmetr1c end point rather than countmg cells or nuclei, and 1t was clmmed to 
be faster and easier to perform and could be automated. 
Oh et al. (2000) has reported on the performance of E-SCREEN for the quantitative 
determmatwn of total oestrogemc1ly m nver water and sediment samples m Korea The 
detection limit for 17~-oestradwl eqmvalent (EEQ) concentration of the E-SCREEN 
assay was 8 0 pg EEQIL The total oestrogenic activity in the river water samples was 
between 0.5 pg!L and 7.4 ng!L, wh1le for the sediment extracts the range was 3 4 to 10 7 
pg/g. There are no reports on its use m sewage but the sediment analysis used two stages 
which may be smtable for sewages. Work earned out by Korner et al. (2000) usmg theE-
Screen assay has shown that sewage sludge collected from Stemhaule, Germany had an 
oestrogemc actlVlty of 1.6 ng/g EEQ m raw secondary sludge and 3 7 ng/g EEQ m dned 
pnmary and secondary sludge. 
Other commonly used b1oassay IS the YES (yeast bwassays) (Routledge and Sumpter 
1996, Rehm= et al. 1999). The recombmant yeast screen oestrogemcity bwassay (YES) 
IS based on yeast constructs genetically modified organism (GMO) expressmg a human 
oestrogen receptor. The reporter gene IS lac-Z, encodmg for the enzyme ~-galactosidase. 
Hence, m the presence of oestrogemc compounds, ~-galactosidase is synthesised and 
secreted mto a medmm wh1ch contams the chromomeric substrate chloroprene red-~­
galactopyranoside (CPRG). The enzyme metabolises CPRG, which is 1mtially yellow mto 
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chlorophenol-red wh1ch is a red product. The absorbance of the red colour can then be 
simply determined spectrophotometrically m mult1wells of standard and test solutwns of 
~-oestradiol. 
The YES bwassay has been extensively used world-w1de for testmg. The Widespread use 
of this assay IS due to the yeasts used m the assay bemg easy to manipulate and grow. The 
assay also allows the rapid screening of numerous chem1cals or samples to be performed 
over a w1de dose-response range m a short tlmeframe. 
Desbrow et al. (1998) applied the YES bioassay to measure oestrogenic chemicals m 
sewage treatment works effluents. Witters et al. (200 1) used YES to evaluate the 
oestrogenic activ1ty of 16 samples taken from STW effluents, nvers and reservOirs. 
Oestrogemc potency m water samples ranged from below the detect1on limit ( -2.75ng!L 
EEQ) up to 81 ng!L EEQ. 
ER-CALUX (estrogemc receptor chemically activated lucJferase gene expression) IS 
commercially available from Bio DetectiOn Systems. The ER-CALUX assay is an in vitro 
bwassay earned out w1th a recombmant human T47D breast adenocarcmoma cell !me 
wh1ch contams origmal oestrogen receptor (ER) but also mcludes a stable ER-mediated 
firefly (Photmus pyralis) luc1ferase gene expressiOn When oestrogemc compounds are 
brought mto contact w1th the cell, they pass into the cell and act1vate the human 
oestrogemc receptor. Consequently, luc1ferase IS generated wh1ch can be measured by a 
luminometer. 
Formed m the cell and 1ts quantity is a d1rect measure of the oestrogemc potential of the 
substance or the extract being stud1ed. The amount of hght em1tted, wh1ch IS proportiOnal 
to the quant1ty of luc1ferase, can be measured by a luminometer The quantity of light 
em1tted IS mterpolated m the calibration curve for 17~-oestradwl and IS reported m terms 
of 17~-oestradwl eqmvalents (ng fL of EEQ). 
Murk et al. (2002) used an estrogen receptor (ER)-bindmg assay and two reporter gene 
effect assays (YES and ER-CALUX) for measurmg estrogenic potency in environmental 
extracts The amounts of matenal needed for the assays d1ffered greatly among the three 
assays (ER-bmdmg assay >>YES > ER-CALUX). In additiOn, in the ER-bmdmg assay, 
both agomsts and antagomsts give an estrogenic response, resulting m higher oestrad1ol 
eqmvalency (EEQ) levels than both the ER-CALUX and the YES assay for the same 
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samples. The EEQs found m STWs wzth the ER-CALUX assay were m the range of 4 to 
440 and 0 11 to 59 pmoi!L for mfluent and effluent, respectively Water extracts from 
nvers had concentratiOns rangmg from 0.25 to 1. 72 pmoi!L. Extracts from suspended 
matter and sludge contained estrogemc potency of 0 26 to 2.49 and 1.6 to 41 pmol EEQ/g 
dry wezght In STWs, the average reduction of estrogenic potency in effluent compared to 
mfluent was 90 to 95% m mumczpal STWs and 50% m industnal STWs. In mfluent, 30% 
of the ER-CALUX actiVIty could not be explamed by the calculated potenczes based on 
chemzcal analysis of a number of known (xeno)estrogens and m effluent the unexplamed 
fraction was 80%. 
There zs drawback wzth the m vztro bwassay for the determmation of oestrogemclty of 
unknown samples such as sewage samples, smce they may contain growth mh1bits. When 
usmg the YES bioassay Desbrow et al. (1998) found that testing of whole effluent 
samples d1d not elicit a response unless the samples were stenhsed using membrane 
filtratiOn pnor to the assay. The researchers attnbuted this problem to the growth of 
bactena present m the samples competmg with the yeast growth. They have also warned 
of the suitabzhty of the assay If the extracts contam high concentratiOns of toxic 
substances which also might inhibit growth. 
Another problem reported are receptor antagomsts, concentratiOns are so small that a 
range of other organics can block or even occupy the receptor Therefore, false negatzves 
or an underestimatiOn of oestrogemc response can occur Another issue with in vztro 
bioassays is that different studzes have reported dzfferent oestrogemc sensitivity for the 
same oestrogen usmg the same bzoassay. Several in vztro bwassays have reported the 
oestrogemcity of 17p-oestradzol and 17u-ethmyl oestradiOl as eqmvalent whzlst other 
studies have shown 17u-ethmyl oestradzol to be ten times as potent (Winter-Nzelsen and 
Helweg 2002, Purdom 1994) 
4.3.3 Chemical Methods 
The chemical analysis for oestrogens has been dominated by chromatographic separation 
coupled with the most sensztive detection systems avmlab!e, such as mass spectrometry 
(MS), tandem MS (MS/MS) or hzgh-resolutwn MS (HRMS). Other detectors have been 
used with LC, e.g dzode array detector (DAD) (L6pez de Alda and Barcel6, 2000), hqmd 
scmtzllation countmg detector (V ader et al. 2000) 
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Chromatography separation 
Chromatography is used to separate the organic mixture extracted from water and natural 
waters. The selected statiOnary phase retards the passage of sample components and 
makes them flow though the column at different rates. In the reported chemical analysis 
of steroid oestrogens, GC has been more used than LC 
Generally, apolar and moderately polar compounds are separated better by GC and polar 
ones are smted for LC analys1s. Stermd oestrogens have moderate polarity and could be 
analyzed by both methods (Desbrow et al. 1998). 
The GC separation usually reqmres thermally stable and volatile compounds. For those 
poorly volatile compounds, denvat1zat10n IS necessary to mcrease volat1hty. In majonty 
of the oestrogen GC analys1s, samples were subjected to derivatizat10n for better analys1s 
sensitivity. However, different opmion was proposed by Blau and Halket (1993) that the 
extra step of denvltlzatlon could result m sample loss and offset the analys1s 
improvement Thus the literature rev1ew has established opmions as to whether 
denvltlzat!On nnproves oestrogen analysis. GC separatiOn w1thout denv!hzat!On was 
earned out by Desbrow et al. (1998), Rodgers-Gray et al. (2000) and Siegner et al. 
(2000), who used GC-MS and the reported detection limits for effluent were all 0 2 ng!L, 
and J ohnson et al (2000), who used GC-MS-MS with the detection limll of 0.1-1.8 ng!L, 
depending on the background noise of individual sample. 
It was also mentioned that GC analysis has extens1ve librar1es of mass spectra useful for 
identifying unknown peaks m oestrogemcally active fractions (Petrov1c et al 2002). LC 
analysis however IS not limited by compound volatility and 1t can duect measure 
conJugated and unconJugated oestrogens simultaneously (L6pez de Alda et al 2001a) 
In the rev1ewed LC literature (L6pez de Alda et al. 2000, D' Ascenzo et al 2003, Baronh 
et al. 2000 and Lagana et al. 2004), the separation of oestrogens before the final detector 
quantificatiOn were all performed on a LC C 18 s1lica stat10nary phase (25 cmx 4 6 mm 
I.D, 5f.1m particle s1ze). Vader et al (2000) were an exception who used a 3.9x150mm2 
column. The most common mobile phase reported was water-acetomtnle (ACN) mixtures 
w1th the gradient elutiOn from 20-50% to 60-100% m 24 mmutes (D'Ascenzo et al. 2003, 
Baronh et al. 2000) or 30 mmutes (L6pez de Alda et al. 2000, Lagana et al. 2004). 
Constant water-acetomtnle ratiO (60/40) mobile phase was used by Vader et al. (2000) In 
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order to obtain a better separation of conJugated oestrogens, D' Ascenzo et al. (2003) 
actdtfted ACN with 10 mmol/L formtc actd. Baronti et al. (2000), D' Ascenzo et al. 
(2003) and Lagana et al (2004) all used the same detail procedure wtth freshly made 
methanohc ammoma solution (40 mmol/L) added post-column into the effluent of LC 
column at the flow rate of O.llrnUmm, m order to mcrease the following detection 
sensttivtty. The additwn of thts baste solution was to promote deprotonatwn of the very 
weakly actd oestrogens, and resulted m an improvement of ESI/MS system. A post-
column addttlon with trtethylamme was also reported by Johnson et al. (2000). The flow 
rates of mobtle phase were all 1 rnUmm, and the sample mjectlon volumes for separatwn 
were all 50f.1L. Extensive detmls of procedures are not always given 
Detection with normal detectors 
Normal detectors were only reported wtth LC separation For environmental analysts, the 
interference from the complex matnces always decreases thetr sensttlvtty. 
L6pez de Alda and Barcel6 (2000) have used dtode array detection (DAD) followmg LC 
for quantiftcation and confirmatory tdentlficatlon purpose. A combmatwn of 197, 225 and 
242 nm wavelength was used for DAD detection. The hmtts of detectiOn (LOD) for El, 
E2, E3 and EE2 were all 50 ng!L The sensitivity of thts analysts has been mcreased usmg 
fully automated onhne SPE. LODs were reported 10 ng!L for El and 15 ng!L for E2, E3 
and EE2 (L6pez de Alda and Barcel6, 200lb). 
Liqmd scmt!llatwn counting detector has also been coupled with HPLC for eH]-EE2 
quantification to monitor the degradation of spiked EE2 in nitnfymg activated sludge. No 
detatls of the analysts was gtven m the paper m terms of the detectwn hmtts (Vader et al. 
2000), but there may be posstbtlitles from the mtx of natural tsotopes m the dtfferent 
oestrogens 
Detection with mass spectrometers 
To obtam a higher analytical quahty for oestrogens m envtronmental matnces, the 
majority of the revtewed researches have adopted mass spectrometry (etther smgle or 
tandem MS) after chromatographic separatiOn. The MS detection normally mclude 
sample wmzatwn, mass separatwn of the tons and ion flux mtensity measunng, whtch are 
achteved by ton source, mass analyzer and detector respectively in an MS mstrument. 
Chemtcal structures and basic properttes of sterOid oestrogens are already known; 
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therefore quite a narrow range of masses can be selected. This could effectively avmd the 
mterference from the orgamcs in sewage and increase the sensitiVIty of detectiOn limits. 
Techniques for iomzation have been key to determme smtable samples to be analyzed by 
MS as for different sample state, different techmques were used. Electrospray 10mzat10n 
(ESPI) and atmosphenc pressure chem1cal wmzat10n (APCI) were all reported for 
oestrogens in water samples. L6pez de Alda and Barcel6 (2000) compared the detection 
of MS usmg ESPI and APCI. The lim1t of detectiOn ach1eved by ESPI MS for El, E2, E3 
and EE2 was from 50 to 500 ng!L, wh1lst for APCI MS the range of LODs IS 3000-
5000ng!L. These results revealed that ESPI could prov1de MS detection w1th h1gher 
sensitivity, wh1ch may be the reason that ESPI IS the most common mterface used by MS 
rev1ewed. A range of MS mstruments based on different mass analyzer, e g lime-of-flight 
(TOF), quadrupole, ion trap, have all been reported 
Kuch et al. (2000) analyzed STW effluent samples by h1gh resolution gas spectrometry 
(HR GC) hyphenated w1th ESI(-) MS and reached the Iim1t of quantification (LOQ) of 1 
ng!L for all 4 oestrogens. No information of mass analyzer was provided for the MS. 
LODs of GC-MS (!On trap) analys1s reported by Desbrow et al. (1998) vaned, dependmg 
on the performance of analytical system and the quant1ty of the sample, e.g. for a 20L 
sample were generally around 0.2 ng!L m the ongmal effluent sample. Unexpected higher 
lim1t of 5!-lg/L m final extracts by smgle MS detection followed GC was reported by Lai 
et al (2000) 
Coupled With LC separation, smgle MS analys1s gave qmte different LODs, L6pez de 
Alda et al. (2000) reported 50-5000ng!L by adoptmg ECI and ASPI MS. Wh1lst more 
recently, a natwnal demonstratiOn programme study m the UK obtamed much higher 
sensJtlVlty w1th TOF MS, which had the LODs of 0.5 ng!L (Huo et al. 2006). 
Tandem mass spectrometry (MS/MS) was the most widely used MS technology from the 
oestrogen analys1s rev1ewed. Compared to smgle MS, tandem MS mvolved steps of mass 
selectiOn or analys1s, 1.e. multi-rounds of MS, thus mcreased the analys1s selectiVIty and 
compound identification. By usmg tandem MS, the analys1s also turns to be more 
sensitive, and the measured oestrogen concentration also dropped from ng!L level to 
lower sub-ng!L level w1th more reported constant LODs. 
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For example, tandem MS (IOn trap) coupled w1th GC separatiOn was used by Farwell et 
al. (2001) and Temes et al. (1999b), and the LOD for surface water was 0 3-0.5 ng!L and 
for STW effluent was 1 ng!L Johnson et al. (2000) utilised GC coupled With tandem MS 
(tr1ple quadrupole) and reported LOD of 0.1-1 8 ng!L for STW samples w1th the recovery 
rate of 88-98%. Belfrmd et al. (1999) used MS/MS (wntrap) for oestrogen quantitation 
and reported the LODs of 0 1-0.3 ng!L for surface water and 0.3-2.4 ng!L for STW 
effluent. 
By using LC-MS-MS (triple quadrupole), D'Ascenzo et al. (2003) obtamed the LOQs m 
unne of 16-40 ng!L, in STW mfluent and effluent they were 1-2 and 0 5-1 ng!L 
respectively Johnson et al. (2000) reported lower LODs of 0 4-0.5 ng/L (STW mfluent) 
and 0 2-0 25 ng!L (STW effluent) With 88-97% recovery rates by using tandem MS (triple 
quadrupole). The lowest LOQs rev1ewed usmg LC-MS-MS were (tnple quadrupole) 0 2-
0.9 ng!L for STP mfluent, 0.08-0.3 ng!L for STW effluent and 0.008-0 03 ng!L for nver 
water w1th recovery of 84-91% (Baronti et al 2000) 
It should also be noticed that, even when usmg the same method, hm1t of detection for 
different matrix is different Usually, the higher the organ1c concentrations the matnx the 
higher the hm1t is Therefore, for oestrogens in STW effluent and nver water, the 
mstruments have a better sensitivity than in crude sewage or unne samples. In most of 
the reported cases, hmlt of detection IS defmed as the concentration at wh1ch the Signal IS 
3 times higher than the background nmse, and hm1t of quantificatiOn is always referred as 
2 or 3 times the concentratiOn of LOD. 
4.3.4 Immunoassay Methods 
Immunoassay methods, hke enzyme-hnked 1mmunosorbent assay (ELISA) and radiO-
immunoassay (RIA) have also been developed for the quantification of spec1fic 
oestrogens 
Enzyme-Linked Immunosorbent Assay 
The ELISA is a biochemical technique uses two antibodies, one of wh1ch IS spec1fic to the 
organic antigen for analys1s and the other IS coupled to an enzyme. The second antibody 
gives the assay 1ts "enzyme-hnked" name, and w1ll activate a chromogenic or fluorogemc 
change wh1ch can be momtored. ELISA may be run qualitatively or quantitatively. 
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Qualitative results prov1de a s1mple positive or negative result for a sample. The cutoff 
between pos1t1ve and negative can be determmed by the analyst and may be statistical. 
Two or three times the standard dev1at10n is often used to d1stmgmsh pos1tive and 
negative samples In quantitative ELISA, the optical density or fluorescence of the sample 
IS calibrated from a standard curve wh1ch is typically based on a senal dilution of the 
target standards (Huang and Sedlak200 1 ). ELlS A can be used to evaluate e1ther the 
presence of antigen (potentially hazard) or the presence of antibodies all ready naturally 
prevent agamst the antigen. It is also a useful tool for determming serum antibody 
concentrations (such as w1th the Human Immunodeficiency Vrrus, HIV test or West N1le 
Virus). 
It has prevwusl y been used to detect persistent organics such as pesticides and 
cyanotoxms m water supply at nanogram concentrations (Meulenberg et al., 1999). 
Commercial test kits are avmlable for d1eldnn, endosulphan, tnfluranlin and tnazmes 
analyses (Van Emon and Lopezav1Ia 1992). ELISA tests for E2 and EE2 were firstly 
reported by Huang and Sedlak(2001) to analyze oestrogens m STW effluent and surface 
water samples The lim1t of detectiOn for wastewater effluent was reported as 0.1 ng!L 
and 0 05 ng!L for surface waters. For the total 15 samples, recoveries ranged from 44% to 
117%, and the entire analysis mcluding separation and concentratiOn took 2 5-3 5h, which 
1s comparable with chromatography MS. Confirmatory analys1s w1th GC-MS/MS was 
earned out on effluent samples collected from 2 STWs. The measured E2 concentratwns 
by ELISA were 3.68±1.27 ng!L and 0.20±0 03 ng/L, compared w1th those of 3.9±1 4 
ng/L and 0 27±0 20 ng!L measured by GC-MS/MS (Huang and Sedlak2001) 
Radioimmunoassay 
RadiOimmunoassay 1s a scientific method used to test antigens (for example, hormones m 
the blood). It involves mlXlng known quantities of radioactive antigen (frequently labelled 
w1th gamma-radwactlve ISOtopes of iodme attached to tyrosine) w1th the created react1ve 
antibody, and then addmg unlabeled or "cold" antigen to displace the labelled antigen 
Imt1ally, the radioactive antigen IS bound to the antibodies When "cold" (unlabeled, 
quest) ant1gen is added, the two compete for antibody bmding sites - at h1gher 
concentrations of "cold" antigen, more of 1t bmds to the antibody, d1splacmg the 
radioactive variant. The bound antigens are separated from the unbound ones smce the 
unbound antigens stay in the supernatant. The radwactlv!ty of the two fractwns measured 
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and a bmdmg curve IS plotted. The teclmique is the most sensitive reported m the 
literature and specific, but it requires a special precaution (because radiOactive substances 
are used), reqmres sophisticated apparatus to create the antibodies and IS therefore 
expensive. 
The use of RIA to quantify estrogenic hormones in aquatic environments was reported by 
Snyder et al. (1999) for river water and STW effluent samples, but confirmatory analyses 
were not performed The mstrumental detection hm1ts (IDL) for E2 and EE2 were 427 
ng!L and 211 ng!L. The method detectiOn hm1ts (MDL) were 0 107 ng!L and 0 053 ng!L, 
which was estimated from the mass of oestrogens at the hm1t of quantification divided by 
concentration factor of 5000 (SL sample concentrated to lmL) and 75% average recovery 
Although Immunoassay techmques could provide an alternative approach for quantifymg 
oestrogens, there are similar drawbacks such as cross-reactmg organic compounds and 
matrix effects as with all the standard chemical analysis despite the greater specificity 
clmmed. Multi-species analysis will need separate kits for each oestrogen. These 
disadvantages can also be mmimized by aJialysmg the staJidards and careful sample 
preparation (e g SPE or LLE aJid further cleaJiup) (HuaJig and Sedlak2001), but such 
processes reduce the usefulness of the aJial ys1s compared to the alternative teclm1ques. 
Fluorescence immunoassay 
Two fluorescence immunoassay methods were compared with respect to detection 
prmc1ple aJid ab1hty to quaJitJfy El, E2 aJid EE2 in a river water sample With regard to 
recovery rates aJid hm1ts of detection (Coille et al 2002). One of the two IS a 
heterogeneous assay usmg total internal reflectiOn fluorescence (TIRF) detection, aJid the 
other one IS a competitive homogeneous energy traJisfer immunoassay (ETIA). Reaction 
number IS an Important difference between TIRF and ETIA There is only one 
eqmhbnum between the analyte and the antibody m TIRF assay, whilst m ETLA, there 
are two: one IS between the aJitlbody aJid the aJialyte denvative, aJid the other one is 
between the analyte and the antibody. It was claimed by the paper that compared with 
other immunoassay hke RIA aJid ELISA, fluorescence immunoassay could save more 
mcubatJon time aJid washmg steps aJid It could also be automated The reported hmits of 
detectiOn and workmg ranges for them are given m Table 4-4 It was mentiOned that the 
aJialysis by ETLA IS qmcker thaJI TIRF, but TIRF IS easier m field because of the portable 
aJid automated device. 
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Table 4-4 Lrmrts of detection and working range of ETLA and TIRF assay 
Analytes Workmg range Lrmrt of detectiOn Recovery rates (j.!g/l) (j.!g/L) 
TIRF 
El 0.10-2 51 0.07 70.69-96 40% 
E2 0.25-13.75 0.16 70.33-94.74% 
EE2 006-1839 007 91.39-111 73% 
ETLA 
El 0.2-3.3 0.5 96-109% 
E2 0.07-20 0.85 52-72% 
EE2 0.04-200 0 01 76-97% 
Analytical methods used for the determmat10n of sterord oestrogens m wastewater 
samples by fluorescence immunoassay together wrth some detmls were collected and 
given in Table 4-5. 
4.3.5 Summaries 
The literature reviewed has shown that the choice of analytical method for a specrfic 
study on ster01d oestrogens wrll rmtrally depend on the application If the study rs mmed 
to rdentify environmental concentration of effect then in vzvo tests has been the common 
ch01ce. These tests have been shown to a better reflectiOn of rmpact than chemrcal 
analysis. If the actual oestrogemc concentration eqmvalent IS needed to measure process 
efficrency then chemrcal or in vitro bioassay are more appropriate. 
GC-MS-MS and HPLC-MS-MS are the most established and reproducible methods for 
the quantificatiOn of ster01d oestrogens m complex waters. They can also give the lowest 
limrt of detectiOn The avmlabrlity and wrde use of chromatography/ MS for the trace 
organic anal ysrs in waters means that rt rs well understood. The momtoring of oestrogens 
m surface waters and dnnkmg waters where the lowest detection limrt would be needed 
as low as 0 1 ng/L for EE2 quantification. The extra step of derivatization reqmred by GC 
separatron means that m the future HPLC-MS/MS may be well preferred. The literature 
revrew has mdrcated that rt rs the relative difference m the expenence wrth the eqmpment 
which has led to the wrder use of GC. It also has to be accepted that erther GC-MS-MS or 
HPLC-MS-MS analysrs can only be carried out by relatively few centralized laboratones 
with caprtal facrlitres and skrlls. Contract analysis by chemrcal methods IS also costly, and 
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£250 per sample IS a common pnce for thts and other organics at low concentrations such 
as the pesticides 
The literature revtew was not really conclusive about the best MS eqmpment, e.g. TOP, 
treble quadrupole, etc. m terms of reproducibility and LOD. The commonly agreed result 
was that tandem mass spectrometry produced the best sensitivity without the larger water 
samples need to be concentrated to obtain a result. For example, less sensitive an stmpler 
chemical analysis, like GC-MS, HPLC-MS, HPLC-DAD (UV or fluorescence detector), 
and immunoassay analysts can also used for oestrogen quantificatiOn, in thts kind of 
SituatiOn a larger sample volume was reported as reqmred to obtam a htgher concentration 
factor to offset the deficiency of sensitiVIty. However, for those complex waters, this 
means more mterference especially for Immunoassay, whtch could result in 
overestimation. Thus, for those researches in whtch the variation trend m concentratiOn of 
oestrogens IS more Important that absolute concentration values, the less sensitive 
methods have maJor resource advantages compared wtth the standard potentially tandem 
MS. The review has established commercially available Immunoassay kits may provtde 
the qmckest and most Simple quantificatiOn for oestrogens at the ng!L level. But the 
applicatiOns of these techmques are not wtdely reported. Only one paper was found 
reported on oestrogens m STW effluent and nver water where there was less mterference 
The use of Immunoassay ktts for STW mfluent sample may be limited by severe 
mterference whtch may be overcome by more complicated pretreatment and separation 
measures. The literature review also descnbed a predictiOn model based on catchment 
population informatiOn. It may be used to predict influent concentratiOns wtth sufficient 
accuracy to allow the performance of dtfferent STW s and different treatment stages wtth 
simpler analysts. 
For the reasons above, the simpler commercial immunoassay test ktts will be appropnate 
for routine momtonng m well-controlled ptlot plant expenments. More samples will then 
be posstble and cost effective However, chemical analysts for validation of the assay will 
still be necessary for field samples. 
82 
Chapter 4 Revzew of Analytzca/ Methods 
Table 4-5 The survey of analytical methods for oestrogens in sewage treatment process 
Compound Matnx Filtration ExtractiOn Clean-up SeparatiOn & LOD Recovery(%) Reference DetectiOn (ng!L) 
E2,EE2 Surf, Eff. 0.7 J.lm filter, m sztu SPE Normal phase FL 4 (EE2) 72-78 (E2) Snyder et al 1999 
msztu (SDB-XC disk) HPLC RIA 0 107 (E2) 
0 053 (EE) 
E2,EE2 Surf ,Eff 022J.1m SPE (Cl8 disk) HPLC ELISA 0 I 54-110 Huang and 
cartndge 0 2-0.4 Sedlak2001 
0 7 J.lffi filter (E2) 
El,E2 AS, Inf (after 1.2 J.lffi filter SPE (Cl8 cartndge) Frolsii ELISA 1 (E2) 97-101 Suzuki et al 2006 
gnt removal) cartndge and 2 (El) 
NH2 cartndge 
El,E2,E3, Eff.,SurW, 045 J.lffi OnhneSPE HPLC-DCD 200-300 L6pez de Alda et 
EE2 DnnW,GrW PLRP-S, Cl8, al. 200lb 
HySphere-Resm-
GP, OaSIS HLB 
El, E2, E3, Inf ,Eff.,SurW , 0 45 J.l m filter SPE HPLC-DAD- 2-500 57-112 L6pez de Alda et 
EE2 DnnW. (Cl8 column) MS al 2000 
El, E2, E3, Inf ,Eff.,SurW SPE (Cl8 cartndge) LC-MS 50 Sole et a/ 2000 
EE2 
El, E2, E3, Eff Punfied glass SPE HRGC-MS 1 (LOQ) 23 (XAD2) Kuch et al 2000 
EE2 wool (LIChrolut EN/ 78 (EN/Cl8) 
Bondesii C 18) 
(Amerhte XAD2) 
El,E2 SurW, SPE GC-MS <1 Rogers-Gray et al. 
DnnW ,Eff. (Cl8 column) 2000 
EE2 Eff. SPE GC GC-MS 74 Siegener et a/ 
(Empore C 18 Disk) 2000 
El,E2, Eff SurW LLE GC-MS 58 (E2) 35 (E2), 68 Barber et al 2000 
EE2, (EE), 60 (El) 
17aE2 95 (17a-E2) 
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El, E2, E3, Inf Eff., I 2 J.tm filter SPE (C 18 cartndge) GC-MS 5 88-105 Lee et a! 1998 
EE2 PnEff., 
El, E2, All stages of a SPE (RP Cl8 GPC GC-MS Anderson et a! 
EE2 STW cartndge) 2003 
El,E2, Eff. SPE (RP-C18 and Silica column GC-MS Johnson et a! 2005 
EE2 Lichrolut-EN 
cartndge) 
El, E2 lnf Eff. I 2 J.tm filter SPE (CI8 cartndge) GC-MS 07(El) Servos et a! 2004 
0 8 (E2) 
El,E2, Eff 0 2 J.lm filter SPE HPLC GC-MS 02 85 4 (El) Desbrow et a! 
EE2 (Cl8 column) 83 3 (E2) 1998 
78 8 (EE2) 
El, E2, All stages of a SPE (styrene diVInyl NPCandGPC LC-MS 00505 101 8 (El) Huo et al 2006 
EE2 STW benzene polymer) (TOF) (El) 109 7 (E2) 
00559 97.2 (EE2) 
(E2) 
00554 
(EE2) 
El,E2, All stages of a 1 J.tm filter SPE (!solute ENV +) GPCand HPLC-MS- Stokes et al 2006 
EE2 STW NHz-cartndge MS 
El, E2, E3, Inf Eff SurW. I 2 J.lm filter SPE LC-MS-MS I 2-1.9 91-96 (mf) Lagana et al 2004 
EE2 (OASISLB (Inf) 89-96 (eff) 
cartndge) 0 8-1 I 
(Eff.) 
El,E2,E3, Inf Eff unne, SPE (Carbon graph LC-MS-MS 87-91% D' Ascenzo et a! 
conJugates wastewater 4) 2003 
El, E2, E3, Inf Eff. SurW I J.tm filter SPE LC-MS-MS 0 2-0 9 86-91 (Inf) Baronll et al. 2000 
EE2, (Carbongraph 4) (In f) 84-86 (Eff) 
17aE2 0 08-0 3 
(Eff) 
El, E2, E3, Inf Eff SPE LC-MS-MS 04-05 88-97 J ohnson, et al. 
EE2 (CarbongraEh 4 (lff) 2000 
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El, E2, E3, Inf Eff I 2 11m filter 
EE2 
El,E2, Eff. SurW I 2!Jm filter 
EE2, 
17aE2 
E2,EE2 SurW ,Eff 0.2211m 
cartndge 
0 7 11m filter 
El, E2, SurW, Inf. Eff. 
EE2 PnE 
El,E2, All stages of a 
EE2 STW 
El, E2, SurW, Eff 
EE2 
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cartndge) 
SBD-XCdisk Cl8/NH2 and GC-MS-MS 
HPLC 
SPE Cl8/NH2 and GC-MS-MS 
(SDB-XC disk) HPLC 
SPE (Cl8 disk) HPLC GC-MS-MS 
SPE (Llchrolut®- Sihca gel GC-MS-MS 
EN,RP-Cl8 
cartndge) 
SPE (Cl8, SepartiS S1hca gel GC-MS-MS 
!solute) 
SPE (Cl8 disk) GC-MS-MS 
0 2-0.25 
(Eff) 
0 l-1 8 98 (El) 
88 (E2) 
96 (EE2) 
0 1-24 88-98 
(Eff) 
05 84-88 (Inf) 
74-82 (Eff) 
70±10 
>92 
(Roman samples) 
Johnson et a/ 2000 
(Dutch samples) 
Belfrmd et al. 1999 
Huang and 
Sedlak2001 
Temes et a/ 1999b 
J oss et al 2004 
Kelly et a! 2000 
AS-activated sludge, SurW- surface water, DrmW.--dnnkmg water, GrW.-ground water, Eff.-final STW effluent, PnEff- pnmary 
effluent, Inf.- STW influent, nd-not detected, LOD- hm1t of detectiOn, LOQ- hm1t of quantification 
NPC-Normal phase chromatography, GPC-Gel permeatiOn chromatography, 
DCD-Dwde array detectiOn 
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CHAPTER 
5 
MATERIALS AND METHODS 
The expenmental work and des1gn were m three areas: 
• Development of non-standard EDC analys1s; 
• Well controlled p1lot plant expenments; 
• Field work and surveys of an operatmg plant 
The laboratory work mcluded well controlled experiments earned out usmg a p1lot plant 
w1th synthetic sewage to momtor the oestrogen removal AdsorptiOn 1sotherm tests were 
also conducted. The field survey was based on an investigation of the behaviOur of 
oestrogens m a bJOfJltratJOn tert1ary treatment works (Alsager STW), and the companson 
with an ASP tertiary treatment works (Ilkeston STW). Sample analys1s mcluded the trial 
of HPLC-UV for trace oestrogens and ELISA analys1s. 
5.1 THE PILOT-SCALE TRICKLING FILTER 
The pilot study was designed to validate the following four hypotheses: 
1 ). Rec1rculation of settled trickling filter effluent would improve the removal effic1ency 
of oetrogens by tnckhng filters. 
2). Lower amb1ent temperature would decrease the removal efficiency of oestrogens by 
tricklmg filters 
3). H1gher SS load would 1mpmr the removal efficiency of oestrogens by tncklmg filters. 
86 
Chapter 5· Materials and Methods 
4) Humus settlement would further remove oestrogens from tncklmg f1lter effluent by 
partition. 
5.1.1 Design and construction 
The p1lot tncklmg filter used was designed to Simulate a cross sectiOnal area of a full-
scale standard tncklmg filter. Th1s pilot plant has been used previously (Marquet 1999). 
A sketch of the pilot-scale tnckling filter IS given in Figure 5-1. The glass-fibre cylinder 
of the filter is 2 6m tall, w1th the diameter of 0 9m. The wall thickness IS 2-4 mm. The 
cylinder was filled With blast-furnace slag medmm (grade of 50 mm) w1th the depth of 
1 8m. Thus, the bed volume was 1.14m3, With a surface area of 0 64m2 Blast-furnace 
slag was the most common med1a used m UK tncklmg filters to achieve smgle 
mtnficat10n It 1s a by-product of the steel mdustry as a waste from the high-temperature 
fusion dunng steel making (Emery 1978, c1ted in B1ddle 1994). The prec1se composition 
and nature of slag vanes, and depends upon the composition of iron ore, the iron 
extractiOn process, and the method of slag cooling. 
feed tank 
humus tank 
_eff discharge 
Withdrawal 
.. 
F1gure 5-1 Sketch of the p1lot expenment ng of pilot tricklmg filter 
The medmm was supported 30cm from the base for the cylinder of a fme gnd of plastic-
coated Wire. Three plastic columns were pos1t10ned across the base of the filter to provide 
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additional structural support for the filter bed The effluent outlet had a diameter of 
110mm. Nine 58 mm-diameter holes were dnlled in the 0 3m gap between the bottom of 
the cylmder and the filter base to provide additiOnal ventilation Altogether, the outlet 
hole and the ventilation holes provided an aeration area of 0 03m2, equivalent to 5 23% of 
the upper surface, and similar to standard practice for mtnfying filters. The top 0.5m of 
the cylinder left above the surface of the filter bed acted as a wmd-shield, preventmg 
disturbance of wastewater distnbution to the filter. The characteristics of the filter 
medmm are given m Table 5-1. 
Table 5-1 Charactenstics of the pilot tncklmg filter medmm 
Medium Blast-furnace slag 
Grade (mm) 50 
Specific surface area (m2/m3) 101-118. 
Voidage (%) 45-5o• 
Volumetric mass (Kglm3) 886 3b 
a- B.S. 1438:1971 Specification given by CIWEM (1988) 
b_ Gray and Learner (1984) 
5.1.2 Sewage storage and distribution 
The mfluent to the filter was stored m two mterconnected tanks (1.2 m3 per tank). 
Synthetic sewage was contmuously pumped from a small constant level mixmg tank 
(Figure 51) usmg a centnfugal pump (Brook Compton Parkmson Motors). A by-pass 
allowed the fine adJUStment to flow by recyclmg the pumped influent and to provide a 
higher pressure in the pipe 
The distribution of sewage was by a downward-facmg nozzle (Delavan, brass, BNM6 
male, 114), generatmg a sohd-cone spray. The height of nozzle over the exposed surface 
of the filter bed was adjusted accordmg to the selected hydrauhc load and the diameter of 
the pilot-scale filter This was to give an optimal distnbution over the entire surface of the 
filter bed, and to mmimise hqmd flow down the cylinder wall. 
Filter effluent was settled in a humus tank, With a retentiOn time of 4 hours (surface load 
25 m3/m2d) at the normal hydrauhc load, and then discharged into the sewer or partly 
recrrculated back mto the mixmg tank dependmg on the expenmental requirement. AT-
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shape JOmt at the humus tank outlet allowed the settled effluent to be recirculated v1a the 
m1xmg tank. 
To lim1t the possible loss of oestrogens by adsorption to the storage walls and degradatiOn 
by the btofilm attached to the walls of the storage and the mlXlng tank, they were cleaned 
every fresh feed (every two days). The pipeworks were also dtsmantled and cleaned every 
month. The nozzle was cleaned everyday to avoid blockage, and the settled humus was 
emptied everyday 
5.1.3 Synthetic sewage 
The research used synthetic sewage fed to the ptlot tnckling filter to reduce some of the 
mdependent vartables. It was proposed to represent settled sewage, 1 e the pnmary 
effluent. The synthettc sewage has relatively umform charactenstlcs apart from aging and 
no nsk of mdustnal components. It is easy to prepare m any laboratory and able to be 
modtfied to change the load or compostt!On. It ts also a more economical choice than 
transportmg large quantities of real settled sewage. All these advantages enabled the ptlot 
trickling filter to work under a well-controlled condttlon. Nevertheless, the simple 
ingredtent of the synthetic sewage also limtts its stmtlartty to the real settled sewage, but 
1t ts able to provide simtlar water quality expressed by BOD, COD, NH4-N, SS, and pH, 
etc. The water quality parameters of the synthetic sewage m the expenments are gtven m 
Table 6-14. 
The compostt!On of the synthetic sewage was based on that used by Phanapavudtlnkul 
(1978) for a study at pilot-scale on the effect of temperature on activated sludge. It was 
adapted from W tlliams and Taylor (1968), who also used the synthetic sewage rectpe for 
a study at pilot-scale on macro-invertebrates and the mfluence on sloughmg from 
tnckling filters. Also, thts recipe was used by Marquet m 1999 for hts PhD programme at 
Loughborough. This rectpe has the advantage of added suspended solids Dunng the start-
up, filter was fed With the synthetic sewage wtthout oestrogens. It was also found that by 
usmg th1s recipe, the BOD5 IS around 75% of the measured TOC. Constituents and their 
concentratiOns of the synthetiC sewage are given m Table 5-2. 
The influent to the filter was prepared every two days. A concentrate mixture was 
prepared by dtlutmg the requistte amount of chemtcals m warm tap water, and 1t was then 
diluted w1th tap water in the two tanks w1th contmuous stmmg. 
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In order to obtam a higher suspended solid load for the pilot tnckling filter, the recipe of 
the synthetic sewage was modified by replacmg the soluble starch with mmze starch 
while kept other constitutes unchanged (Recipe 2 for a higher SS load). 
Table 5-2 Composition of the synthetic sewage 
Constituent 
ConcentratiOn ( mg!L) 
Recipe 1 Recipe 2 
Dextrin 150 150 
Ammomum chlonde 85 85 
Yeast extract 120 120 
Glucose 100 100 
Soluble starch 100 0 
Mmze starch 0 100 
Sodmm carbonate 100 100 
Detergent 50 50 
Sodmm dihydrogen orthophosphate 20 20 
Potassmm sulphate 8.3 83 
5.1.4 Operation 
The oestrogen doses were Identified based on the mvestigatlon of mfluent oestrogen 
levels from literature (Section 3.4 aiid Table 3-19). Accordmg to these results, the ranges 
of oestrogen concentrations in STW influent were: El (7-132 ng!L), E2 (<0 5-78 ng!L) 
and EE2 (0 2-10 ng!L) Because of the short half life time of E2 (Temes et al 1999b), It 
was assumed again based on the literature review that half of the E2 would be converted 
mto El before they entered STWs, this percentage of conversiOn was also included m the 
estimatiOn Johnson model (Johnson et al 2004). The three oestrogens were all prepared 
as stock solution at a concentration of 10 mg!L in methaiiol. 5 mL of El, 1.5 mL E2 aiid 
0 5 mL EE2 were added into each 1 2 m3 storage tank and mixed thoroughly by the 
stmers. The water added mto the storage tanks could not precisely be measured, varymg 
between 1.1 to 1.3 m3, therefore the oestrogen concentratiOns m the storage tanks were 
actually m the range of 45.4-41.7 ng!L for El, 13.6-12.5 ng!L for E2 and 4.54-4 17 ng/L 
forEE2. 
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Start-up of the pilot-scale tnckling filter was m the summer (June-August 2004). This 
phase consisted of seeding and maturation of the tlcklmg filter, With the mm of ensunng 
complete wettmg and saturatmg of the porous medmm and rapid colonisatiOn of all the 
avmlable surface area. The time for startmg was selected m the wanner season m order to 
enable the rapid establishment of active b10film on the medmm, as b10filters are strongly 
affected by ambient temperature (CIWEM handbook 2000). Durmg the start-up phase, the 
pilot was mi!ially seeded for I day using 100 L activated sludge collected at 
Loughborough Sewage Treatment Works, with a 1:1 recirculation. It was then fed for 
three months With the synthetic sewage (recipe A) for the rest of the startmg phase to 
achieve steady state. 
The start-up phase was followed by five experiments as follow 
Expenment 1. September 2004- Apnl2005; 
Expenment 2: May 2005-August 2005; 
Expenment 3: September 2005-February 2006; 
Experiment 4: March 2006- May 2006; 
Expenment 5: June 2006- August 2006. 
The detmls of each experiment are given m Table 5-3 
Table 5-3 OperatiOn of the pilot tnckhng filter and oestrogen dosing 
Experiment Recipe Recuculation Oestrogen dosmg (ng!L) 
El E2 EE2 
1 1 no 45.4-41.7 45.4-41.7 45.4-41.7 
2 1 no 45.4-41.7 13.6-12.5 4.5-4.2 
3 1 1:1 45.4-41 7 13.6-12 5 4 5-4 2 
4 2 no 45.4-41.7 13.6-12 5 4 5-4.2 
5 2 1:1 45.4-41.7 13.6-12.5 4.5-4.2 
The first expenment was to learn the HPLC-UV analysis and the use of ELISA kitS for 
trace oestrogens in the synthetic sewage and effluent. The second experiment was to 
monitor the normal performance of the filter. The thud and fifth experiments were to 
investigate the effects of recycle. The fourth and fifth expenments were to study the 
effects of mcreased SS load on the removal of oestrogens 
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Except for expenment 1, in wh1ch the same amount of oestrogens 5 mL (10 mg!L stock 
solutiOn) were added into the synthetic sewage of each storage tank, in the other 4 
expenments, environmental related concentratiOns were dosed mto the storage tanks to 
ach1eve the typical concentratiOns established by the literature. The oestrogen 
concentratiOns m the synthetic sewage are given in Table 5-3. 
5.1.5 Hydraulic load 
Smce the obJeCtive was to simulate a fractiOn of a low-rate single pass tncklmg filter 
without and w1th 1: 1 recirculation, the p1lot tnckling filter was operated With the 
hydraulic load calculated based on the organic and ammoma nitrogen loads suggested in 
the sponsors asset manual (Umted Utilities plc. 2003). These are margmally h1gher loads 
that suggested in the CIWEM handbook (2000) to ach1eve complete mtnf1cat10n 
For a d1scharge consent standard of 5 mg!L for ammoma mtrogen, the max1mum BOD 
load 1s 0 1 Kglm3 d. Smce the medmm volume is 1.14 m3, the BOD5 required is then 
0.1x1.14=0.114 Kg/d. In this proJect only TOC was measured for organ1c concentratiOns 
Accordmg to the measured BODs equivalent based on prevwus research (Marquet 1999), 
the average BODs of th1s synthetic sewage can be assumed to be 100 mg/L, so the flow 
rate is 0.114x106!100 =50 Uh = 1.2 m3/d Consequently, the hydraulic load of the filter is 
1.2/1.14=1.05 m3/m3d, and the wetting rate 1s 1.2/0.64 = 1.88 m3/m2d, wh1ch are all 
w1thm the recommend ranges (CIWEM handbook, 2000) Durmg the penod the pilot 
trickling filter working with a 1: 1 rec1rculation, the flow rate was doubled With the 
consequent reduction of feed strength All the loads are g1ven m Table 5-4. 
Table 5-4 OperatiOnal loads of the pilot trickling filter 
Flow rate BOD5 load NH3-N load Hydraulic load Wettmg rate 
(m3/d) (Kg/m3d) (Kg/m 3d) (m3/m3d) (m3/m2d) 
Loads 1.2 009 001 1.1 1.9 
24 009 001 2 I 38 
UU standards 1 :::o 1 ::;0015 05-6 
CIWEM standards1 0 07-0 15 0 58-5 
-
' Umted Util1t1es plc (2003) Conventwnal, Rock Med1a, Tnckling Filters Asset Standard; 
1 CIWEM handbook (2000) Bwlog1cal Filtration and Other Fixed-Film Processes 
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5.2 THE SEW AGE TREATMENT WORKS 
5.2.1 Alsager sewage treatment works 
Figure 5-2 One of the trickling filters with sand filters background at Alsager STW 
The field survey for trickling filters was carried out in Alsager STW (Figure 5-2), which 
is located in the north midlands, 20Km north of Stoke-on-Trent. It treats a dry-weather 
flow (DWF) of 3320 m3/d from a domestic population equivalent of 13,794 (combined 
sewage) and some trade effluent (food processing and ceramics). The consent is 12mg/L 
BOD5, 25 mg/L SS and 4 mg/L ammonia respectively. The filter plant consists of 5 
circular rock media filters working in parallel designed for single nitrifying filtration. 
They are operated according to the normal UU specifications. Sand filters are used as 
tertiary treatment. The process flow diagram of the STW is given in Figure 5-3. Five 
different samples were taken from the STW, namely crude sewage (CS), settled sewage 
(SSE), trickling filter effluent (TE), humus tank effluent (HE) and final effluent (FE). 
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5.2.2 Ilkeston sewage treatment works 
Field samples were collected from Ilkeston sewage treatment works and analysed by both 
ELISA and chem1cal analys1s for companson m order to validate the use of ELISA. 
Measured oestrogen loads in mfluent and effluent were also compared w1th those 
predicted values based on Johnson model (Johnson and W1lliarns 2004). 
Ilkeston STW IS located m East Midland, treatmg a DWF of 12,000 m3/d from a domestic 
catchment w1th the populatiOn eqmvalent of 50,000 (combmed sewage, trade effluent 
<5%) The process flow d1agram of the STW IS g1ven m F1gure 5-4 The ex1stmg 
flowsheet 1s preliminary treatment, pnmary sed1mentatwn, mtnfymg ASP w1th 
simultaneous phosphorus removal using ferrous chloride and th1s IS followed by deep bed 
sand filters. The effluent quality from 2001 to 2005 has been very good w1th single figure 
BOD and SS, ammonia mtrogen of 1 mg!L and COD total of 44 mg!L. 
Samples were taken from 5 different points in Ilkeston STW: crude sewage (CR), primary 
settlement influent (w1th the backflow from sludge treatment, CR+WR), settled sewage 
(SSE), activated sludge process effluent (ASP.E.) and fmal effluent (FE). Upstream nver 
water (R.US) and downstream river water (R.DS) were also taken. 
Crude sewage 
Works returns 
~ Flow Measurement 
~ Pump Station 
X Sampling pomt 
RAS 
FeC]z 
Nitnfymg 
ASP 
Sand 
Filter 
d1scharge 
F1gure 5-4 Process flow diagram for Ilkeston STW 
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5.3 ADSORPTION ISOTHERM TESTS 
AdsorptiOn Isotherm tests were used to determine the eqmhbnum adsorption relatiOnship 
of the oestrogens (El, E2 and EE2) with GAC, manganese dioxide (MD), granular Iron 
(GI) and sand m R.O. water. 
5.3.1 Adsorbents 
Granular activated carbon 
AQUACARB™ 207EA activated carbon was tested It IS a proven product used by a 
vartety of customers which mcludes water companies, sewage treatment works, soft dnnk 
manufacturers, brewer and m industnal water treatment. It has a surface area of 950-1100 
m
2/g and a bulk density of 480-520 Kg/m3• The particle Size IS 0 425-1.70 mm. 
Manganese dioxide 
MF12 manganese dioxide was obtamed from C.A.S Company. This media is used for 
removal of Iron, manganeses, arsemc and heavy metals from potable water and water 
mtended for botthng, brewing or soft dnnks manufacture. It has a surface area of 7.5-17 6 
m
2/g and a bulk density of 1900-2000 Kg/m3• The particle Size is 0.355-0 850 mm. 
Granular iron 
The granular iron is the media of SORB 33™ system. It is a-feme oxide hydroxide with a 
bulk density of 472.3 Kg/m3 and a surface area of 25-200 m2/g The particle Size IS 0.5-
2.0mm. 
The sand tested for isotherms IS the normal sand used m STW tertiary sand filter It has 
the surface area less than 1 m2/g and the particle size of 0.3-0.5 mm. It was also regarded 
as the control for adsorption in the Isotherm tests 
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5.3.2 Preparation of adsorbent and test solution 
In order to reach the adsorption eqmhbrium in a relatively short time, adsorbents used m 
these tests were all ground to a part1cle s1ze between 0.045 to 0.075 mm m a mortar by 
pestle and then sorted by s1eves. All the prepared adsorbents were then washed w1th R.O. 
water to remove fines and other soluble contammants; they were then dned m an oven at 
105 OC and kept m a des1ccator until ready for use. 100 mg!L stock oestrogen solution 
was made (as descnbed in SectiOn 5.1 4), and then diluted to 1 f.lg/L (for MD, GI and 
sand) and 100 f.lg/L (for GAC) by R.O. water. 
5.3.3 Experimental procedure 
The amount of adsorbents used m the Isotherm tests were 1 mg!L, 5 mg!L, 10 mg!L, 50 
mg!L and 100 mg!L. 
All the adsorbents were placed m the 100 mL glass bottles and the bottles were filled 
close to the top w1th the test solution. 
The bottles were ag1tated at a constant temperature of 20 OC for 24 hours After 24 hours, 
the adsorbents were removed by ljlm glass fibre filter from the m1xture to get a clear 
solution for analysis. (method see sectiOn 5.5.1) 
5.3.4 Calculation 
For each bottle, the amount of El, E2 or EE2 adsorbed was calculated accordmg to the 
followmg equatiOn: 
X=(Co-Ceq)VIM 
Where X- the amount of El, E2 or EE2 adsorbed per gram adsorbents(mg/g), 
M -the dose of the adsorbent (g), 
V- the volume of solution (L), 
Co- the pre-adsorption oestrogen concentratiOn (Jlg/L), 
C,q- the post-adsorptiOn oestrogen equilibnum concentratiOn (Jlg/L). 
Equation 5-1 Oestrogen adsorption equatiOn 
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Isotherms were then drawn usmg Microsoft Excel w1th the amount of oestrogen adsorbed 
onto per gram adsorbents (X) agamst eqmlibnum concentratiOns ( C,q) Freundlich 
adsorptiOn constants K and 1/n were obtamed based the best-fit estimates for the 
parameters in the Freundhch equation: log X =log K + (11 n)logC,. 
5.4 SAMPLING 
5.4.1 The study of a pilot-scale trickling filter 
Smce the p1lot tnckling filter was workmg under the well controlled conditions (fixed 
sewage composition and constant hydraulic load), then grab samples could be used for 
momtoring the performance from the three pomts - storage tank, filter effluent and 
humus tank effluent (volume 100 mL for oestrogen analys1s). Samples for oestrogen 
analys1s were collected every week. 
Durmg the start-up phase, the influent and effluent of tricklmg filter were analysed every 
two days for temperature, pH, turbidity, SS, NH3-N and TOC Followmg the 
establishment of steady state then these parameters were measured tw1ce every week 
Samples collected for routme parameter analysis were all analysed immediately after 
collection. Those for oestrogen analysis were subjected to pretreatment Immediately and 
then were preserved at 4 oc m the dark. 
5.4.2 The investigation at Alsager STW 
To save time, 2 sets of grab samples (2"d December 2005 and 13th March 2006) were 
collected and a composite sample over a week (22"d-26th May 2006) at each sampling 
pomt m Alsager STW (SectiOn 5 2). Accordmg to the expenence of the operator, peak 
DWF usually arnves at 9.00-IO:OOam m the day, thus the sampling time for the three 
mvestigatmns were all between 9:00am and IO.OOam. Duplicate IL samples were taken at 
each samplmg pomt for the 2 sets grab samples. For the one-week composite sample, 
duplicate 200 mL discrete samples were collected each day from Monday (22"d May 
2006) to Friday (26th May 2006) to g1ve a duplicatelL sub sample composite. 
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Samples were stored m a brown glass bottle already spiked w1th sulphate ac1d, to adJUSt 
the pH value to 2. All samples were kept in an 1cebox for transport, at the laboratory, they 
were filtered immediately and stored at 4 oc m the dark for no longer than 48 hours 
5.4.3 Adsorption Isotherm Tests 
Smce the solution in the tests was R 0 water with adsorbents, complex pre-treatment is 
not necessary and 1t was poss1ble to use ELISA analys1s duectly after filtration 
5.5 SAMPLE PRETREATMENT PROTOCOL 
The same sample pre-treatment protocol was used for samples from the pilot study and 
the field survey 
The pre-treatment removes the suspended solids by filtratwn and then concentrates the 
oestrogens by solid phase extraction (SPE). Eluted oestrogens were then reconstituted 
into a spec1fic volume of solutiOn dependmg on the anticipated concentratiOn. The 
protocol used m this research IS developed m conjugation With adv1ce provided by ELISA 
k1t supplier (Japan Env1roChemJcals, Ltd 2005). Expenence w1th ELISA IS still needed. 
The protocol has two methods - A and B Method A IS a s1mpler one, which can be 
applied to all tluee oestrogens m sewage except for the influent El. Method B was 
developed specially for the influent El, as the additiOnal aminopropyl solid phase 
extraction could retam both El-3-sulphate and El-3-glucuronide These two conjugates 
are reported to cause cross-reactiOn m the ELISA El kit (H1robe et al. 2004). It 1s known 
however as reported m the literature review that most of the oestrogen conJugates would 
be deconJugated in the sewerage system. 
5.5.1 Filtration 
The recommended volume of water sample was filtered tluough the glass f1bre filter 
(0.7!!m pore size, 70 mm diameter, Whatman GF/F) w1th a vacuum pump Filters were 
changed according to expenence - one filter could process 300-SOOml effluent or l00-
200ml influent. If an influent sample contamed a large quantity of suspended matter, the 
sample would be centnfuged pnor to obtam the supematant for filtenng Methanol was 
used to wash the solids on the f1lter to extract possible retamed oestrogens m the solid and 
the eluant was then added to the filtrate, although 1t was recorded m the literature that 
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oestrogenic substances were not retained by sewage suspended solids (Desbrow et al. 
1998, Huang and Sedlak2001). The amount of methanol was kept within 1% of the total 
volume of the filtrate. The pH value of the filtrate was also checked after these dilutions 
and adjusted if necessary to ensure it was between 5 and 8. The field samples were 
preserved with sulphuric acid, so sodium hydroxide (IM) was used to adjust the pH. For 
the samples from the lab-scale experiments (adsorption isotherm test, pilot study) pH 
adjustment was normally not needed. 
Figure 5-5 The rig for filtration 
5.5.2 Solid phase extraction 
C18 ca1tridges (Alltech 300 mg/colurnn, Superclean ™) as indicated by the literature 
review were used to extract the oestrogens. They were preconditioned with 5 mL 
methanol and then 10 rnL distilled water in accordance with the supplier 's instructions. 
To save time, a vacuum pump was used for suction. The flow rate of the preconditioning 
was also controlled so as not to exceed 20rnUmin as suggested in the manual. The fil trate 
was transfe1Ted into a pre-washed separation funnel and then passed through the C18 
cartridges at the same recommended 20 rnUmin. 
After all the samples had passed through, the cartridge was then washed with 5mL 
distmed water ( <20rnUmin) to remove polar interference following a minutes vacuum to 
achieve some dryness, then 5mL hexane was used for further removal of apolar 
interference ( <20mUmin). Oestrogens (and other similar moderate pola1ity organics) 
were then eluted with 5ml dichloromethane at a recommended rate less than 3ml/minute 
using a special grade syringe. The eluted samples were collected by disposable vials. 
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Figure 5-6 The rig for solid phase extraction 
5.5.3 Evaporation 
The eluted organic samples were evaporated to dryness under a stream of nitrogen gas. 
Compressed air can also be used according to the methods researched and reported in the 
literature review if nitrogen gas is not available. A water bath (Fisher Scientific) was used 
to accelerate the evaporation, with the water temperature controlled between 40-50 °C. 
Figure 5-7 The sample evaporation rig 
5.5.4 Reconstitution 
lOO~ 100% methanol was added to the solid residue from the evaporation for 
reconstitution, and subsequently diluted with distilled water to adjust the methanol to 10% 
(V IV). A vo1tex was used to achieve good mixing. 
If any of the residues remained undissolved in the 10% methanol solution, then the 
sample had to be evaporated again using the procedure described in Section 5.5.3. After 
drying out, 10 ~ 100% dimethylsulfoxide (DMSO) was firstly added to the residue and 
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m1xed w1th a vortex m1xer. Then, 100 J.!L MeOH was added to the vwl followed by a 
further vortex stir Fmally, distilled water was added until the total volume was 1000J.!L 
(1mL). The composition of the resultmg solutwn was then 1% DMSO and 10% MeOH in 
aqueous solution. To guarantee the accuracy of analys1s, the solvent composition of the 
standard cahbratwn solutwns were all prepared accordmg to the solvent proceedmg used 
(lmL solution w1th 1% DMSO and 10% MeOH). 
The oestrogen ELISA kits have a lim1ted dynam1c range so it is very important to adjust 
the oestrogen concentratiOns of the test samples to fall mto the nght range. For samples 
w1th unknown oestrogen concentrations, a senes of dilutions IS necessary after sample 
extraction In th1s experiment the dosing of oestrogens was known m the p1lot study and 
there was a good estimate from the literature for the field work, then the sample volume 
was chosen to make the oestrogen concentratiOn w1thin the ranges of the k1ts. F1gure 5-7 
1s the sample pre-treatment flow chart for method A, and Figure 5-8 is the flow chart for 
method B. 
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:Sl% MeOH to extract analyte from retamed 
solids, 
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-----------------------------------------------1 [Cartridge PreconditiOn] 
Methanol: 5 mL ( < 20 rnUmm) 
HPLC grade water 10 mL ( < 20 mUmm) 
Filtered sample loadmg: 500mL ( < 20mUmm) 
HPLC water washing: 10 mL (< 20 mUmin) 
Hexane washing: 10 mL (< 20 mUmin) 
D1chloromethane elutwn: 5 mL (3-5 mUmm) 
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Figure 5-8 Flow chart for sample pretreatment method A (One stage SPE) 
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·------------------------------------------------
Figure 5-9 Flow chart of sample pretreatment method B (two stage SPE) 
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5.6 HPLC ANALYSIS 
HPLC-UV analysis was also tried before ELISA analysis in order to make good use of the 
current analytical instruments in the laborotary. 
5.6.1 Equipment 
Hewlett-Packard (HP) 1050 serials HPLC composed of: 
• HP 1050 serials Pump system 
• HP 1050 Ultraviolet Light detector 
• HP 1 065A serials Fluorescence detector 
Figure 5-10 The HPLC equipment 
5.6.2 Column 
With the reference to the literature using HPLC for oestrogen quantification and 
considering the basic physicochemical characteristics of oestrogens, a Phenomenex C18 
column (250mmx4mm, 5J..Lm) was chosen as suggested by previous work for the 
separation preceded by a C18 guard column (4x4mm, 5J..Lm) to avoid possible damage or 
blockage to the column. 
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----------------------------------------~~-
5.6.3 Mobile phase 
The mobile phase was also selected based on the previous researches using HPLC for 
oestrogen quantification (Section 4.3.3). Table 5-5 gives the mobile phase composition 
and flow rate. 
Table 5-5 HPLC mobile phase composition and flow rate 
Component 
A- water 
B- acetonitrile (ACN) 
5.6.4 Detector setup 
Gradient elution solution condition 
Omin - 70% A, 30% B; 
5min- 70% A, 30% B; 
30min-O% A, 100% B; 
Flow rate 
1 mUrnin 
The UV spectrum of E2 presents two maxima, one is approximately at 197nm and 
another is at 281nm (L6pez de Alda et al. 2000). L6pez de Alda et al. (2000) used the UV 
detector to quantify oestrogens at the 197 nm wavelength, whilst Desbrow et al (1998) 
used the UV detector at 210nm. Both of them reported the good result. Snyder et al 
(1999) used the fluorescence detector with excitation wavelength of 229nm and emission 
wavelength of 31 Onm. 
To avoid the high noise at 197nm, 281nm was chosen as the detection wavelength in this 
experiment. In accordance with UV detector, the excitation wavelength and emission 
wavelength for fluorescence detector was set as 281nm and 350nm. 
5.7 ELISA ANALYSIS 
The use of ELISA kit for oestrogen analysis was based on the test protocol provided by 
the supplier (Japan EnviroChemicals, Ltd. 2004). 
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5.7.1 Principle 
The test is based on the recognition of oestrogens by specific monoclonal antibodies 
(Figure 5-11). The sample (or oestrogen standard solution) and the oestrogen conjugate 
(i.e. oestrogens labelled with a colouring enzyme) solution are premixed and added into 
each well of a microplate. The oestrogen present in the sample or the standard solution 
and the oestrogen-conjugate then compete for limited antibody binding sites immobilized 
on the well surface. In the rnicroplate well, when the oestrogen concentration is higher 
relative to the enzyme conjugate then the oestrogen will predominantly bind the antibody 
and vice versa. 
1.Competitive Reaction 
Lru~ Hapten-enzyme <....:/l r"Ctonj.rgate SolJtl:>n 
Sample y Antibody 
• Pollutant 
.... Complex 
Analyte Concentration 
©0 
2 . Chromogenic 
Reaction 
Chz.~ ... 
.. 
3. QuantJta~ Anatys]s Hrr 
AJ::1banoo ' 
Low .,___ Concentration ______. High 
Figure 5-11 ELlS A measuring principle 
Unbounded oestrogens and excess oestrogen-enzyme conjugates are washed out after the 
incubation and a chromogenic substrate (colour solution) is added. The chromogenic 
substances will be catalyzed to a colour product by the enzyme-labelled oestrogen 
(conjugated oestrogen) attached to the antibody in the plate well. The reaction process is 
stopped with the addition of dilute acid (stop solution). 
106 
Chapter 5: Materials and Methods 
Absorbance of each well is determined by a microplate reader at the wavelength of 
450nm, and then a curve is obtained with concentration against absorbance from the 
concentrations of oestrogen standards and their absorbencies. The oestrogen 
concentration in each sample is accurately calculated by interpolation usmg the 
absorbencies. Generally, the oestrogen concentration is reversely prop01tional to the 
absorbance, i.e. higher concentration samples will have a lighter colour while lower 
concentration samples will have a darker colour. 
Figure 5-12 Colour change of microplate with the adding of stop solution 
5. 7.2 Test Protocol Details 
The kit was stored in the refrigerator and allowed to warm up for an hour to reach room 
temperatme at 18-25 °C before analysis. Firstly, the antigen-enzyme conjugate powder 
was reconstituted in buffer solution to make a conjugate solution which was then added 
into the microplate (uncoated one) at a volume of 100 11L for each well. 100 11L of 
oestrogen standard or sample was then added into each well using the air out of the 
pipette tips for mixing. It is important to add this conjugate solution beforehand to avoid 
the possible attachment of oestrogens onto microplate well walls. 
100!-!L conjugate and standard/sample mixture from each well was transfelTed into the 
matching wells of the coated microplate for 1 hour incubation at room temperature (18-25 
oc). 
A concentrated wash solution was diluted in 5 times of its volume to prepare wash 
solution to rinse the microplate 3 times after incubation. Each time, approximately 300 
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JlL wash solutiOn was needed. It was suggested that for every rmse, the residual solution 
on the m1croplate must be removed to avmd mterference for analys1s. 
The chromatiC reaction was then conducted by the disperswn of a 100 JlL colour solutwn 
mto each well-rinsed well and mcubated for 30 mmutes at room temperature (18-25 °C). 
Th1s process was termmated by the addmg of 100 JlL stop solution w1th the solutiOn 
colour in the wells changing from blue to yellow. 
The fimshed reaction was then analyzed w1th a m1croplate reader (Thermo Electron 
CorporatiOn) set at the wavelength of 450 nm. A calculation software was used to work 
out the sample oestrogen concentratiOns based on a 4-parameter loganthmic calibratiOn 
curve created from the optical densities (OD) of 5 oestrogen standards. 
5.8 VALIDATION OF ELISA ANALYSIS 
5.8.1 Recovery tests 
For samples collected from the p1lot plant and adsorption Isotherm tests two sets of 
replicates were analyzed m order to evaluate the accuracy and repeatab1lity of ELISA 
analysis One set was composed of five replicates of distilled water (lOOmL) spiked w1th 
El (50 ng!L), E2 (30 ng!L) and EE2 (10 ng!L), and the other set was five replicates of the 
synthetiC sewage (Rec1pe 2) With the same oestrogen dosmg and sample volume Recipe 
2 was chosen because 1t has the h1gher SS load than rec1pe 1. It was thus thought to have 
h1gher adsorption potential for oestrogens. Smce the concentrations of oestrogens were 
already known m the two matnces, the performance of ELISA analys1s could be 
evaluated by the actually measured concentratiOns. 
For field samples from Alsager STW, known concentrations of oestrogens were sp1ked 
and handled along with those samples without spikmg Spiking recovery rates were then 
calculated based on the difference of measured oestrogen concentrations divided by the 
spiking concentration. These recovery rates were used to evaluate the effect of matnces 
on the oestrogen quantltatwn. Sp1kmg concentrations for samples from Alsager STW are 
g1ven in Table 5-6. 
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Table 5-6 Spiking oestrogen concentratzons for field samples m ELISA analysts 
Samples Spikmg concentrations (ng!L) 
El E2 EE2 
Crude sewage (CS) 30 10 5 
Settled sewage (SSE) 30 10 5 
Tncklmg filter effluent (TE) 15 5 2 
Humus tank effluent (HE) 15 5 2 
Fmal effluent (FE) 5 2 2 
5.8.2 Comparison with chemical analysis 
LC-MS/MS and HPLC-MS (TOF) were used to vahdate the ELISA analysts wzth real 
sewage samples. Severn Trent commzsszoned LC-MS/MS and HPLC-MS (TOF) analyses 
which were carried out by the Environmental Agency Laboratory at Nottmgham and at 
the Anghan Water Laboratory. Three sets of grab samples (25/11/2005, 09/03/2006 and 
10/03/2006) were taken from 7 dzfferent pomts at llkeston STW. These were crude 
sewage (CR), pnmary settlement mfluent (wzth the backflow from sludge treatment, 
CR+WR), settled sewage (SSE), activated sludge process effluent (ASP .E.), final effluent 
(FE), upstream river water (R US) and downstream river water (R.DS). El, E2 and EE2 
concentrations were all measured. 
For the first set of samples used m ELlS A analysts, lL duphcate samples were collected 
and transferred to an amber bottle already washed by dzstdled water and methanol wzthout 
addmg any preservative. Samples then were kept m an zcebox for transportation and 
stored in the dark under 4 T m the laboratory less than 24 hours before pre-treatment For 
the other 2 sets of samples, 1 L duphcate samples were collected and transferred to an 
amber glass bottle contammg sulphunc aczd preservatzve (5mL lM H2S04 for a 1 L 
sample) to prevent bwdegradatzon confirmed m the first set of comparison. In case of the 
posszble toxzc effect to the antibody, other recommended preservatives for EDCs hke 
copper nitrate was not used m sample preservation for ELISA analysis , whzlst zt was used 
m samples for HPLC-MS analysts. Samples analyzed by ELISA were undertaken in 
duplicates plus duplicate spzke recovery. Spzking concentrations are gzven zs Table 5-7. 
The pre-treatment protocol for ELISA analysts zs detazled m Section 5.5, and the analysis 
zs gzven m Section 5.7. 
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Table 5-7 Spikmg oestrogen concentratiOns for companson m ELISA analysis 
Samples Spikmg concentratiOns (ng!L) 
El E2 EE2 
Crude sewage (CS) 30 10 5 
Crude sewage+works returns (CS+WR) 30 10 5 
Settled sewage (SSE) 30 10 5 
Activated sludge plant effluent (ASP E) 15 5 2 
Fmal effluent (FE) 5 2 2 
River water upstream (R US) 5 2 2 
River water downstream (R DS) 5 2 2 
For chemical analysis, 2 L samples were collected with 1 L for sanitary analysis and 1 L 
for oestrogen quantitatiOn (smgle analysis). The samples collected m November 2005 and 
March 2006 for chemical analysis were preserved and pre-treated m a Similar but slightly 
different method. 
November samples were taken into glass bottles which contamed copper nitrate and 
hydrochlonc acid preservative (6 mL of 30% HCI and 0.5 g copper mtrate for a 2 0 L 
sample). Pnor to extraction the samples were filtered usmg GFC paper with a nommal 1 
~tm pore size The oestrogens were extracted from the sample by sohd phase extraction 
usmg a preconditioned styrene d1vmyl benzene cartndge (!solute ENV + ). Followmg mr-
drymg, the SPE cartndges were eluted with d1chloromethane. The extracts were then 
cleaned up using gel permeation chromatography (GPC), and red1ssolved mto hexane 
The extracts were then further cleaned up usmg ammopropyl cartndges which were 
eluted with ethyl acetate: acetone mixture 50%:50%. The stermd oestrogens were then 
deriVItised With dansyl chloride, and analysed usmg LC-MS-MS operated usmg positive 
Ion atmosphenc photo-IOnisatiOn mode. The flow chart of the protocol IS given m Figure 
5-13 (Stokes et al. 2006). 
March samples were preserved at the time of sampling, with concentrated hydrochlonc 
acid (HCl) and copper mtrate (Cu(N03)z). For every 1L of sample, 1mL HCl and 0.25g 
Cu(NOJ)z were used Concentration was on styrene diVInyl benzene polymer sohd phase 
extractiOn and two-stage clean-up followed by high performance hqmd chromatography 
with time-of-flight (TO F) mass spectrometr1c detection The flow chart of the protocol is 
given in Figure 5-14 (Huo et al. 2006; Stokes et al. 2006). 
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r-----------------------------------------------1 
0 
0 
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0 
0 
------------------------------------------------· 
r 
0 
------------------------------------------------0 
Gel permeation chromatography clean-up : 
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r-----------------------------------------------, 
0 
0 
Re-dissolved in hexane : 
0 
0 
------------------------------------------------· 
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0 
0 
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0 
0 
------------------------------------------------· 
0 
0 
0 
0 
0 
0 
------------------------------------------------
Eluted with ethyl acetate 
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0 
acetone m1xture : 
0 
0 
0 
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0 
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Figure 5-13 November sample pre-treatment protocol for LC-MS/MS analysis 
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r-----------------------------------------------1 
' : Styrene divmyl benzene polymer cartndge i 
·-----------------------------------------------. 
' 
' 
Ethyl acetate elution: 4 mL i 
' 
------------------------------------------------· 
' 
-----------------------------------------------~ 
' 
' 
' 
' 
Reduced to 0 25mL 
' 
' 
' 
' 
' 
' ------------------------------------------------· 
.-----------------------------------------------. 
' 
' 
Re-dissolved m 95:5% cyclohexane propan-2-ol i 
' 
------------------------------------------------· 
r 
' 
' 
' 
' 
' 
' 
' ~ 
Normal phase chromatography (Cynano 
colurrm, 24°C, 5.7-7 8 mm cut fractiOn); 
Evaporated under an air !me 
' LC: 
' 
' 
' 
' 
' 
' 
-----------------------------------------------· 
.-----------------------------------------------. 
' Re-dissolved in dichloromethane 
' 
' 
' 
' 
' ------------------------------------------------· 
' 
' 
' 
' 
' 
' 
' 
' 
-----------------------------------------------~ 
Gel permeatiOn chromatography (act 
molecular sieve, 9-12 min cut fraction); 
Evaporated under an air !me 
' as , 
' 
' 
' 
' 
' 
' 
' ------------------------------------------------· 
.-----------------------------------------------. 
' Re-dissolved m 90·10% water: methanol : 
' ' 
' ------------------------------------------------· 
' 
-----------------------------------------------~ 
' 
' 
Reverse phase HPLC, high polarity solvent, low : 
' 
' 
' 
' 
polanty colurrm : 
------------------------------------------------· 
Figure 5-14 March sample pre-treatment protocol for HPLC-MS (TOF) analysis 
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5.9 RETENTION TIME DISTRIBUION OF THE PILOT-
SCALE TRICKLING FILTER 
5.9.1 Retention time distribution 
The Importance of residence time on the efficiency of tnckling filters has been 
acknowledged from the early ages of the process As the waste passes over the biological 
film, organic matter IS removed by the b10mass. It therefore seems reasonable to assume 
that residence time is in some way related With organic removal efficiency m a tricklmg 
filter This view IS expressed m V elz equatiOn, which is based on first -order kmetics of 
biological oxidation, shown as 
Where 
s _,, 
-=e 
So 
S = effluent substrate concentratiOn 
So= mfluent substrate concentratiOn 
k = reactiOn rate constant for treatment 
t = retention time 
The residence time d1stnbution IS Widely used to evaluate the mean residence time in all 
kmds of reactors The hydrodynamic analysis of chemical reactors was Imtiated by 
Danckwerts (1953) who developed the residence time concept. A tracer, usually an mert 
chemical (L!Cl was adopted m th1s research), IS mjected into the reactor at a time t = 0 
and the tracer concentratiOn is then measured in the effluent stream as a function of time· 
C ( t) The residence time of a fraction of the tracer was defmed as the time reqmred for It 
to exit the reactor, or time spent by It in the reactor. The effluent concentration-versus-
time curve IS known as the C curve. 
Assummg a stream of fluid at a steady volumetnc rate u pass through a reactor of 
constant volume V and m is the quantity of tracer inJected, the local concentration of 
tracer at timet after mjection is assumed C, then after t+ dt (dt means a very short penod) 
the fraction of fluid that elapsed the reactor is (uc!m)dt. The exit age dJstnbutiOn functiOn 
of the fluid elements leavmg the system can be expressed as: E(t)=uc(t)lm 
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Because all flmd elements have some res1dence time, the entire tracer w1ll finally come 
out after a sufficiently long penod That means r E(t)dt = 1 
The volume fractiOn of tracer m the effluent less than t m the reactor 1s equal to F(t), 
dF(t) ! c(t)udt 
Cumulative Residence T1me D1stnbut10n Funct10n: E(t) = -- or F(t) = -"'----
dt r c(t)udt 
According to the definition, the mean res1dence time t is the average time spent by tracer 
flowmg at volumetriC rate u through a volume V, and 1t IS an md1cator of the locatiOn of 
the d1stnbut10n: 
- V r t =- = tE(t)dt. 
u 
If the d1stnbution curve IS only known at a number of d1screte time mtervals, then those 
parameters can be expressed 
- I :Ltc(t)~t :L[c(t)uM] 
- c(t) 
t = : , E(t) = _ ; F(t) = --'~'----
Lc(t)~t Ic(t)M :L[c(t)uM] 
0 0 0 
Wlule L1 t 1s a time mterval and defined by: 
The standard dev1at10n cr represents the spread of the d1Str1but10n It is calculated by. 
I I 
(j=-v(j- = t-t E(t)dt = = 1'7 (f( _)2 )~ [f{t-t)2 C(t)dt:2 [ft2C(t)dt-t2 ] 2 r C(t)dt Q 
where Q = r C(t)dt. 
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However, because of the skewness of the distribution usually obtamed, detemunmg the 
centr01d of the curve and hence the mean residence time and the standard deviatiOn 
1mphes selectmg arbitrary cut-off pomts, or extrapolating the missing part of the curves. 
(Marquet 1999) The results of tracer studies are also expressed as percentile, the x 
percentile residence time bemg the time at which x% of the inJected tracer has exited the 
reactor. The median residence time, where x=50, is the most commonly used value. In 
th1s research, recirculation was introduced in the operatiOn of the pilot tncklmg filter m 
order to momtor its effect on oestrogen removal. Accordmgly, the hydrodynamic 
charactenstics m the bioreactor then changed and affected 1ts performance. It was 
proposed in some studies (Johnson et al. 2005, Servos et al. 2004) that HRT and SRT are 
Important parameters for oestrogen removal m b10reactors. Therefore the retention tinie 
distnbutiOn w1th recrrculation and without recuculation operation mode was an Important 
tool for mechanism study. 
5.9.2 Tracer study with lithium chloride 
The retention trme distribution of the pilot trJcklmg filter was determmed by tracer srudy, 
usmg hthium (as hthmm chlonde) as the tracer. The standard Impulse signal procedure 
was m the expenments. Vanous tracers have been used to study hqmd residence time m 
tncklmg filters They mclude a variety of radiOactive elements, as well as dyes and salts. 
Lithium is the most common due to the followmg reasons: 
• It IS not present m the synthetic sewage; 
• It can be detected quickly, accurately and at low concentrations by flame 
photometry, 
• It does not react with the constituents of the b10film to any significant extent, 
bemg mert and not consumed by bactena (Marque! 1999); 
• It IS non-toxic at the concentrations used and does not affect the biofilm (Gray 
1984a), 
• L1thmm chlonde IS cheap, stable and readily soluble in water 
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Lithmm has also been used more recently m several tracer studies on fixed-film biOlogical 
reactors (Frenandez-Polanco et al. 1996, Wtk 1995, Vase! and Schrobiltgen 1991), and 
also for mass transfer through biofilm (Vieira and Melo 1993) 
For the expenmental momtormg single filtratiOn Without recirculation, 8 g LICI ( 1 31 g 
Li) were dissolved m 10 mL synthetic sewage For the experimental monitoring the 
operation with recrrculation, 16 g LiCI (2 62 g LI) were dissolved m 10 mL synthetic 
sewage, m order to guarantee the Li concentrations m effluent samples still fell into the 
measunng range of the Flame Photometer with the mflow rate being doubled. However, 
drrnng the tracer study for double flow rate, the effluent was not recrrculated to avoid the 
return of tracer back mto the mfluent. The resultmg solution was mjected mto the pipe as 
short a time as possible Samples of the filter effluent were then taken following the 
sampling programme (Table 5-8) from the filter outlet. This sampling programme was 
also used by Marque! (1999). 
Table 5-8 Sampling programme of residence time distnbutwns 
Time followmg mjection (h) Samplmg penod (mm) 
0-1 1 
1-2 5 
2-6 10 
6-7 15 
Lithium was measured by a Flame Photometer (Ciba-Commg model 410). The hmit of 
detectiOn by flame photometry is 0 1mg!L. Five workmg standards (2mg!I, 4mg!I, 6mg!I, 
8mg!I and 1 Omg!I ) were prepared before the measurements of LI concentratiOns m the 
samples. Pure water and these five standards were used to set the cahbratwn curve. 
LithiUm concentrations of the effluent samples were calculated by checkmg agamst this 
curve with their photometer readings. 
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5.10 OTHER SAMPLE ANALYTICAL TECHNIQUES 
5.10.1 Temperature 
The temperature of each sample was recorded at collection, using a potable Mettler Delta 
340 pH/temperature reader 
5.10.2 pH value 
The pH value was measured as above but the pH meter was calibrated before each set of 
readmg With the standards buffer at pH 7 and 4. Readmgs were taken Immediately after 
sampling 
5.10.3 Suspended solids 
Suspended solids (SS) were measured by fdtermg the water samples through the standard 
GF/C (1 2J.U11) grade filter paper and drymg the paper at 105 oc The mcrease of we1ght 
represents the SS. The analysis was accordmg to the standard methods (APHA, A WW A 
&. WEF). 
5.10.4 Turbidity 
Turb1d1ty reflects the number of particles per unit volume by scattenng the mc1dent light 
It is more sensitive to fme part1cles. Measurements were made usmg a Hach 
Turbid!meter(model 2000), operating under the nephelometnc method. This method IS 
based on a comparison of the intens1ty of light scattered by the sample under defmed 
conditions w1th the mtens1ty of light scattered by a standard reference under the same 
cond1tions. The h1gher the intensity of the scattered light, the h1gher the turb1d1ty is. The 
results are expressed m nephelometric turbidity un1ts. 
The mstrument was calibrated before use by usmg prepared standards 0/2/20/200/2000 
NTU, depcndmg on the detection range. Analysis IS m accordmg with standard methods 
(APHA, A WW A &. WEF). 
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5.10.5 Total Organic Carbon 
A Rosemount Dohrmann Total Organic Carbon analyzer DC-190 was used to measure 
total carbon (TC) and morgaruc carbon (IC), TOC is then calculated by usmg TC mmus 
IC Sample volume was 50 ~L, mJected by a syrmge. Average values and standard 
deviation were calculated by the instrument, only those values whose standard devmtion 
was less than 1% were recorded and valid Analysis was earned out accordmg to the 
standard methods (APHA). 
5.10.6 Ammonia nitrogen 
Ammonia nitrogen was measured usmg the Pa1intest system 10 mLs of diluted samples 
m the test tubes With the concentratiOn of ammoma mtrogen between 0 and 10 mg!L was 
added detectiOn tablets Ammonia No 1 and 2, and kept for 10 mm. Then, samples were 
read by usmg a Photometer 5000 at the wavelength of 640 mn. 
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CHAPTER 
6 
RESULTS AND DISCUSSIONS 
The expenmental work was divided mto five mam sectiOns: 
• The tnal of oestrogen quantitation by HPLC-UV analysis to evaluate its use m this 
proJect. 
• The validatiOn of ELISA analysis for oestrogen analysis m different sewage matnces m 
order to evaluate Its routme use for oestrogen quantitation 
• The study of the pilot tncklmg filter for oestrogen removal under well-controlled 
conditiOns to expenmentally validate four hypothesis: 1) The reciTculatiOn would Improve 
the removal efficiency of oestrogens by tncklmg filters; 2) the low ambient temperature 
would Impair the removal efficiency of oestrogens by tnckling filters; 3) the high SS load 
would impair the removal efficiency of oestrogens by tncklmg filters; and 4) sterOid 
oestrogens would be further removed during humus settlement. 
• 
• 
• 
The survey of oestrogen concentration at different STW treatment stages to obtam the 
profile of oestrogen concentrations from the STW mlet to outlet. 
The applicatiOn of Johnson Model at llkeston, Alsager and St Ives STWs, and the 
comparison of estimated values with the observed values. 
The adsorption Isotherm tests for GAC, manganese diOXIde (MD), granular ITon (GI) and 
sand to validate the hypothesis that the surface area of adsorbents detenmnes the removal 
potential for oestrogens by adsorption. 
In this chapter, results of the five sections are provided in tables and figures, and they are all 
detmled discussed 
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6.1 HPLC-UV ANALYSIS 
HPLC coupled w1th UV detector was used for oestrogen anal ys1s of the pure standards as well as 
pilot plant samples 
The analyses of the oestrogen standards spiked in methanol are shown m F1gure 6-1. The three 
oestrogens were well separated and measured by UV detector. The obtamed hm1t of detection 
was lJ.!g/L, wh1ch was defmed as the concentration of analytes when the response is three times 
the n01se. However, due to the agmg of the detector and instrument, baselme dnft and analyte 
retention time var1atwn were often observed, which reduced the sens1tiv1ty. 
The analySIS of oestrogens from the pilot plant samples encountered the same problems. It was 
also found that there was closely related mterference peaks could not be separated from the 
analyte peaks (F1gure 6-2). This bad separatiOn was the result of mcomplete separatwn and pre-
treatment. Consequently, 1t was decided to use ELISA rather than HPLC-UV for the analys1s of 
oestrogen at low concentrations m the followmg study work. 
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Figure 6-1 Chromatogram of a standard solutwn contaming 1 J.lg/L El, E2 and EE2 
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F1gure 6-2 Chromatogram of synthetic sewage spiked w1th oestrogens showmg mterference at the 
5-6 mms of the oestrogens 
It should have been poss1ble to obtam clean peaks w1th the separatiOn processes used for e1ther 
MS or ELISA, but g1ven the lack of sensitiVIty of HPLC-UV w1thout MS detectiOn 1t was 
dec1ded not to pursue mdependent HPLC-UV analys1s even for synthetic sewages. 
6.2 VALIDATIONOFELISAANALYSIS 
ELISA analys1s 1s still a new method of analys1s in the field of sewage treatment, only one paper 
was found m the literature for STW effluents before th1s project, thus 1t was necessary to assess 
the performance of the method for laboratory and field samples. The validatiOn of ELISA 
analys1s was conducted by replicate recovery tests w1th R 0. water and synthetic sewage, and the 
comparison w1th HPLC-MS (TOF) or LC-MS/MS analys1s for field samples. 
6.2.1 Pretreatment Protocol Revision 
The first test for pilot plant samples 1dent1fied a number of problems and fmled to produce 
reliable results Revisions were then mtroduced to the whole sample pre-treatment and analys1s 
process The kit supplier was consulted for these problems 1dent1fied m the first analys1s. 
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Highlighted problems in analysis 
1. Abnormal optical density 
One of the problems noted was that dilution seemed to increase the oestrogen concentrations. An 
example of the measured optical density (OD) is given in Table 6-1 . 
Table 6-1 Abnormal OD values of samples in the ELISA analysis for E2 
No dilution 10-fold dilution lOO-fold dilution 
Blank 1.292 nla 0.423 
Influent 0.979 0.491 0.690 
Spiked influent 1.008 nla 0.587 
Effluent 0.831 0.477 0.623 
Spiked effluent 1.191 0.477 0.490 
Based on the ELISA analysis principle (see section 5.7.1), samples with higher oestrogen 
concentrations should have lower OD values, diluted samples thus should have higher OD values 
than the original samples (subjected to the whole pre-treatment without dilution). However, it is 
likely this mle does not apply to these data in Table 6-1. For each sample listed in this table, the 
10-fold dilutions have the lowest OD values. The lOO-fold dilutions have higher OD values than 
the original ones and lower than the 10-fold dilutions. This then means that 10-fold dilution have 
the highest oestrogen concentrations whereas the original samples have the lowest. A higher 
concentration of oestrogen was even observed in the analysis blank, whilst the original blank was 
normal. The most likely reason was contamination of the dilution water since it became worse 
with greater dilutions. During the pre-treatment of pilot-plant samples, cloudy concentrates from 
SPE elution were observed, and which should be clear and transparent (Figure 6-3). 
Figure 6-3 The eluted samples- the clear one and. the cloudy one 
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The solid phase extraction step utilised various chemical reagents and accessories. It seemed 
likely that plastic components of accessories may have dissolved into the reagent during the SPE 
with plastic pipette tips, tubes and disposable syringes thus caused the interference. It was noted 
by separate tests that plastic components certainly dissolved into dichloromethane and kept in the 
eluted samples. 
To solve this problem, Alltech Ultraclean ™ C18 cartridges were replaced by Alltech Maxi-
clean ™ C18 cartridges to avoid the plastic dissolution of plastic syringes and tubes. Since the 
SPE cartridge was specially designed for extraction with various chemical reagents, the release of 
plasticizer can be ignored. 
Figure 6-4 SPE elution with a plastic syringe and a tube from an Alltech Ultraclean ™ C18 
catridge 
The consultation with the ELISA suppliers also indicated that pure water only with 10% 
methanol (standard blank) should have an OD of 1.5 or so. The results from our first tests for EE2 
are shown in Table 6-2. In this kit the concentrated oestrogen was provided by the supplier and 
diluted by the operator using methanol and pure water for the six standards. The dilution water 
used was then identified as the possible source of interference for the unexpected low OD values 
of the standards. The water used for dilution was kept in a plastic container for over two days and 
both bacterial growth and release of plasticizers from the container may have occurred. 
Table 6-2 The measmed ODs of the EE2 standards in the first test 
Standard concentration 
(na ) 
OD 
0 
0.352 
0.05 
0.325 
0.1 0.3 1.0 
0.316 0.277 0.159 
3.0 
0.095 
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Based on the above analysis, it was decided to use only freshly prepared R.O.water and not store 
the water for any length of time in plastic containers. This solved the problem. 
2. Cartridge blockage 
Cartridge blockage took place with field samples before biological treatment (Figure 6-5). This 
was attributed to the incomplete retention of fine particulates and colloids by the filtration step. 
This caused quite a few problems like more time-consuming, sample loss and reduced elution 
efficiency. 
Figure 6-5 The blockage observed in SPE with an Alltech Max-clean™ C18 cartridge for the 
cmde sewage sample handling 
Pretreatment protocol revision 
1. A void the biological and organic interference 
Only the newly opened HPLC grade water and the freshly made R.O water were used in the 
analysis. The pipette tips were with filter and used in the analysis process were all disinfected to 
avoid the interference from bacteria. 
All the containers and accessories used were all washed with water and methanol several times 
before use to avoid the ubiquitous organics. 
2. A void the plastic dissolution 
The plastic pipette tips were replaced with glass pipettes in the solid phase extraction step. Ultra-
clean ™ C18 cartridges (Figure 6-4) were replaced by the different type Max-clean ™ C18 
cartridges (Figme 6-5) to avoid the use of plastic tubes. 
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3. Smaller filter pore size 
The 0 7 f!m pore size GFC filer were used mstead of the recommended 1 f!m pore Size filter m 
order to retam more fme partlculates. 
After these revisiOns, all those problems Identified above were not observed m the subsequent 
ELISA analysis 
6.2.2 Replicate Recovery Tests 
The results of five-replicate tests are given in Table 6-3 and Table 6-4. Standards m R.O. water 
were subjected to pre-treatment protocol method A (Table 6-3) and standards m synthetic sewage 
(recipe 2) were subjected to method B (Table 6-4) 
Table 6-3 Results of five replicates- distilled water spiked with oestrogens 
Spiked Spiked Measured Recovery 
concentratiOn concentration CV% 
oestrogens (ng!L) (ng!L) (%) 
0 <05 
El 47.2±16 50 (45 4-49.7) 33 94.4 (94.2-106.0) 
0 <0.5 
E2 31.5±1.7 30 (29.6-33.5) 5.4 105.0 (89 9-106.1) 
0 <0.5 
EE2 9.10±0 4 10 8.89-9.76 3.9 91.5 (91.1-106 7) 
CV%-coeffiCient ofvanance (%) 
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Table 6-4 Data of five replicates - synthetic sewage spiked with oestrogens 
Spiked Spiked Measured Recovery 
oestrogens concentrations Concentrations CV% 
(ng/L) (ng/L) (%) 
0 <0.5 
El 
50 59.9±3.7 6.2 119.7 (90 4-113.6) 
0 <05 
E2 
30 37.1±2.4 64 123.7 (84 2-129 0) 
0 <0.5 
EE2 
10 10.8±0.7 68 108.4 (94.2-119.2) 
CV%-coefficient of variance (%) 
Results m Table 6-1 shows that the analysis of oestrogens m the matnx of R 0. water had a good 
recovery (91.5%-105.4%) and repeatabiiity (CV%=3 3%-5 4%). The limit of quantification under 
this kmd of condition was 0.5 ng/L, which was obtamed by dividmg the lower dynamic limits (50 
Jlg/L) by the concentration factor of 100, as 100 mL sample was concentrated to 1 mL. The 
analysis of the standards in the matnx of synthetic sewage (Table 5-2 and 5-3) gave greater 
relative standard deviatiOn (6 2%-6.8%) as well as a higher recovery rate (108.4%-123.7%). 
Among the three oestrogens, E2 had the greatest deviations and recovenes, which could be 
attributed to the 50% cross-reaction rate with EE2 (see Appendix A for cross-reactiOn patterns of 
oestrogens). 
This revealed that the complicated matnx had negative effects on the analysis accuracy and 
precisiOn The presence of other organic matenals lead to an overestimate of the oestrogen 
concentratiOns, thus the replicate sample analysis will give less precise and overestimated values. 
The quantitatmn of E2 gave higher values due to the high cross-reactiOn rate with EE2, If It were 
present m the matnx. Based on the two batches of analysis, It could be accepted that the analysis 
accuracy and precisiOn should be higher m the tncklmg filter effluent than those obtamed m the 
synthetic sewage (the trickling filter mfluent), since the effluent IS less complecated compared 
With the mfluent synthetic sewage. 
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6.2.3 Comparison with Chemical Analysis 
Three sets of samples were collected for the companson of ELISA With chemical analysis. All 
the samples analysed were from Ilkeston STW. The samples collected on 2111112005 were 
analysed by ELISA (Table 6-5) and LC-MS-MS (Figure 6-6 and 6-7). The samples collected on 
09/03/2006 and 10/03/2006 were analyzed by ELISA (Table 6-6 - 6-8) and HPLC-MS(TOF) 
(Ftgure 6-8 - 6-13) 
The ELISA analysts was carried out in the laborotary at Loughborough Universtty The results of 
chemical analysis was part of the field survey carried out by Severn Trent at Ilkeston Contract 
analysts was conducted by EA laborotary at Nottmgham for LC-MS/MS and Anghan Water for 
HPLC-MS (TOF) 
Comparison with LC-MS-MS 
Only El and E2 concentrations were compared m the companson wtth LC-MS-MS (Ftgure 6-6 
and Ftgure 6-7) due to the urrrehable EE2 results by LC-MS-MS. Generally, ELISA and LC-
MS/MS gave a similar trend for the oestrogen concentratiOn variation, although except for the El 
concentratiOn of crude sewage (CS), all the LC-MS-MS results are htgher than ELISA ones. 
Greater dtscrepancy was found in those htgher strength samples, e.g. CR, CR+WR and SS, as 
mdicates the negative effect of matrtx complextty on ELISA analysts observed m replicate 
recovery tests (Section 6.3 2) 
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Table 6-5 El and E2 concentrations measured by ELISA for samples collected on 1112005 at 
Ilkeston STW 
Samples Spikmg concentratiOns Results of ELlS A Recovery (ng!L) (ng!L) (%) 
El 
CR 
0 93.8±7.4 
187 
30 149.9±15.7 
0 93.8±8.1 
CR+WR 209 
30 156 5±16 2 
ASPE 
0 11.5±2.8 
145 
15 33.3±2 2 
FE 
0 9.7±3.1 
168 
5 18.1±1 7 
R.US 
0 2 9±1.4 
114 
5 8 6±0.8 
0 8.2±0.4 
R.DS 127 
5 14.5±0 5 
E2 
CR 
0 19.7±5 3 
202 
10 39.9±6 1 
0 15 8±4 3 
CR+WR 188 
10 34.6±5.5 
ASP.E 
0 1 0±0.2 
165 
5 9.3±1.4 
FE 
0 0.7±0.1 
177 
2 4.2±0.8 
R US 
0 0.8±0.1 
121 
2 3 3±0 5 
RDS 
0 1 2±0.2 
107 
2 3.3±0.3 
CS-crude sewage, CS+WR-crude sewage+works returns, SSE-settled sewage, ASP E-acuvated 
sludge plant effluent, FE -final effluent, R US-nver water upstream 
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Ftgure 6-6 El concentratiOns measured by ELISA and LC-MS/MS for samples collected from 
Ilkeston STW 
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F1gure 6-7 E2 concentralions measured by ELlS A and LC-MS/MS for samples collected from 
Ilkeston STW 
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One reason for the generally higher LC-MS/MS values could be the possible biOdegradatiOn of 
oestrogens w1thm the sampling bottles during the penod between sampling and pre-treatment. 
Samples for LC-MS/MS were preserved w1th Cu(N03)z and HCl whilst those for ELISA were 
only kept under 4°C w1thout addmg any chem1cals. It has been noted that even at low 
temperature like 4°C, oestrogens still could be partly biodegraded (Huo et a/ 2006) 
LC-MS-MS results showed an mcrease m the concentratiOn of El from CS to CS+WR Th1s 
increase could be attnbuted to the desorptwn of oestrogens durmg the sludge thickener process 
and the conversion of E2. The release of El from El sulphate conJugates could also explam 1t 
(Barontl et al 2000) Th1s observatiOn was consisted w1th other studies wh1ch md1cated that El 
could be produced from the biOtransformation of E2 or EE2 m the sewers or STW treatment 
process (Ternes et al. 1999b) However, the ELlS A analys1s d1d not show th1s mcrease, the 
reason for 1t could be the h1gher degradatiOn m sample storage 
Comparison with HPLC-MS (TOF) 
In the comparison With HPLC-MS (TOF), El, E2 and EE2 concentratiOns were all measured. As 
the biodegradation of oestrogens only preserved at 4 T m the dark was proved m the first 
companson with LC-MS/MS, all samples for ELISA analys1s were added sulphuric ac1d till 
pH=2 accordmg to the US EP A standard method for orgamc chemicals preservation m water 
samples. It was believed th1s could avmd the possible biOdegradatiOn m storage. 
The duplicate spike recovery tests were also earned out for each field sample (Table 6-6, 6-7 and 
6-8), thus the ELISA results were all calibrated usmg the obtamed recovery rates, and then 
compared with the HPLC-MS (TO F) results as well as the original ELISA results (F1gure 6-8 and 
6-9 for El, F1gure 6-12 and 6-13 for E2, F1gure 6-16 and 6-17 for EE2). It was found from the 
two sets of data that all ELISA results are h1gher than HPLC-MS (TO F) results. The discrepancy 
could be attributed to the cross-reactiOn caused by umdentlfied mterference m sewage, the more 
mterference, the h1gher overestimate If regard those samples before secondary b10logical 
treatment (CS, CS+WR and SSE) as 'd1rty' samples and those samples after biOlogical treatment 
(ASP.E, FE and R.US) as 'clean' samples, then the effect of matrix complex1ty could be showed 
m the provided f1gures (Figure 6-10 and 6-11 for El, Figure 6-14 and 6-15 for E2, Figure 6-18 
and 6-19 for EE2). Generally, calibrated ELISA results of 'clean' samples are close to the HPLC-
MS (TOF) results, but for those 'd1rty' samples, even calibrated ELISA results still have 
relatively great discrepancy w1th those HPLC-MS (TOF) results. 
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Table 6-6 El concentrations measured by ELISA analys1s for samples collected m 03/2006 at 
Ilkeston STW 
Samples Spikmg concentrations Results of EL! SA Recovery (ng/L) (ng/L) (%) 
Samples collected on 09/03/2006 
0 72 6±5.9 
CR 215 
30 137.1±16 8 
0 49.8±6.3 
118 CR+WR 
30 85 2±12.3 
0 67.6±3.7 
SSE 117 
30 102.8±15.7 
0 31.7±2.3 
113 ASP.E 
15 48.7±5.2 
FE 
0 15 0±1.2 
112 
5 20 6±2.1 
0 4.1±0 8 
R.US 98 
5 9.0±1.4 
Samples collected on 10/03/2006 
0 57.9±4.7 
CR 196 
30 116 7±13 6 
0 51.2±4.1 
CR+WR 179 
30 104.9±11.9 
0 71.7±5 3 
SSE 157 
30 118 8±10 3 
0 34 5±1 9 
ASP.E 117 
15 52 1±3.1 
0 18.7±1.0 
F. E. 112 
5 24.3±2.8 
RUS 
0 4.9±0.5 
135 
5 11.7±1 1 
CS-crude sewage, CS+ WR -crude sewage+ works returns, SSE-settled sewage, ASP E-actlvated 
sludge plant effluent, FE -final effluent, R.US-nver water upstream 
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Comparison of E1 concentrations (09/03/06) 
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Figure 6-8 El concentratiOns measured by ELISA and HPLC-MS (TO F) (09/03/06) for samples 
collected at Ilkeston STW 
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Figure 6-9 El concentrations measured by ELISA and HPLC-MS (TOF) (10/03/06) for samples 
collected at Ilkeston STW 
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Table 6-7 E2 concentrations measured by ELISA analysts for samples collected in 03/2006 at 
Ilkeston STW 
Samples Spikmg concentratiOns Results of ELISA Recovery (ng/L) (ng!L) (%) 
Samples collected on 09/03/2006 
0 32.5±2 9 
CR 197 
10 52.2±4 6 
0 35.1±1 3 
CR+WR 258 
10 60.9±4 9 
0 12.1±1 4 
SSE 157 
10 27.8±2 2 
0 2 2±1.1 
ASP.E 126 
5 8 5±1.3 
0 1.5±0.3 
FE. 152 
2 45±0 8 
0 11±0 4 
R.US 93 
2 3 0±05 
Samples collected on 10/03/2006 
CR 
0 25.2±19 
177 
10 42.9±2.4 
0 17.3±2.1 
CR+WR 132 
10 30.5±3.3 
SSE 
0 18.2±1.4 
197 
10 37.9±1.7 
0 2.4±0.3 
ASP.E 153 
5 10.1±1.0 
0 1.0±0.3 
FE. 125 
2 3.5±0.6 
RUS 
0 1.1±0.1 
124 
2 3 6±0.3 
CS-crude sewage, CS+WR-crude sewage+works returns, SSE-settled sewage, ASP.E-actlvated 
sludge plant effluent, F.E.-final effluent, R US-river water upstream 
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Companson of E2 concentrations (09/03/06) 
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F1gure 6-12 E2 concentratiOns measured by ELISA and HPLC-MS (TOF) (09/03/06) for samples 
collected at Ilkeston STW 
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Figure 6-13 E2 concentrations measured by ELISA and HPLC-MS (TOF) (10/03/06) for samples 
collected at Ilkeston STW 
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Table 6-8 EE2 concentrations measured by ELISA analys1s for samples collected m 03/2006 at 
Ilkeston STW 
Samples Spil(!ng concentratwns Results of ELlS A Recovery (ng!L) (ng!L) (%) 
Samples collected on 09/03/2006 
CR 
0 5 4±1.1 
167 
5 13 8±1.8 
CR+WR 
0 2 1±0.2 
205 
5 12 4±1.2 
SSE 
0 46±0.5 
174 
5 13.3±0 6 
ASP.E 
0 1.4±0 2 
116 
2 3.7±04 
FE. 
0 1.2±0.2 
98 
2 3.2±0 3 
R.US 
0 0.7±0 1 
118 
2 3 1±0 2 
Samples collected on 10/03/2006 
CR 
0 07±03 
188 
5 5 1±1 2 
CR+WR 
0 07±04 
210 
5 11.2±1 6 
SSE 
0 11±0 4 
104 
5 6.3±0.8 
ASPE 
0 0.9±0.2 
146 
2 3 8±0.3 
0 1.1±0.1 
FE 112 
2 3 3±0.1 
RUS 
0 04±0.1 
120 
2 2.8±0.2 
CS-crude sewage, CS+WR-crude sewage+works returns, SSE-settled sewage, ASP E-activated 
sludge plant effluent, F.E.-final effluent, R US-nver water upstream 
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Comparison of EE2 concentrations (09/03/06) 
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Figure 6-16 EE2 concentrations measured by ELISA and HPLC-MS (TO F) (09/03/06) for 
samples collected at Ilkeston STW 
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Figure 6-17 EE2 concentrations measured by ELISA and HPLC-MS (TOF) (10/03/06) for 
samples collected at Ilkeston STW 
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The oestrogen removals for different treatment stage by ELISA and HPLC-MS(TOF) were also 
calculated and compared. In this comparison, only calibrated ELISA results were used to 
compare with HPLC-MS, and they are given m Figure 6-20, 6-21 and 6-22. 
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F1gure 6-20 Removal of El measured by ELISA (calibrated) and HPLC-MS (TO F) for samples 
collected at Ilkeston STW 
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Figure 6-21 Removal of E2 measured by ELlS A (calibrated) and HPLC-MS (TO F) for samples 
collected at Ilkeston STW 
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Removal of EE2 
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Figure 6-22 Removal of EE2 measured by ELISA (calibrated) and HPLC-MS (TO F) for samples 
collected at Ilkeston STW 
The calibrated ELISA and HPLC-MS (TO F) gave close results (1% difference for tertiary 
treatment, 1-4% difference for secondary treatment) for E2 removals after secondary and tertiary 
treatment For the removal of EE2, only results obtamed from 09/03/06 samples were available, 
and 5% differences were observed for both secondary and tertmry treatment. The HPLC-MS 
(TO F) results showed that the El removal varied along the treatment tram, as was also monitored 
by ELISA, but higher discrepanc1es were also observed for these two analyses. 
Generally, for the companson of oestrogen removals, matrix complexity agam heav1ly affected 
the results of ELlS A analys1s, although they gave s1milar removal trend. However, to measure the 
removals after tertiary treatment, result difference of ELISA and HPLC-MS (TOF) were small, 
especially for E2 and EE2. Due to the higher overestimate m crude sewage samples, higher 
removals were usually reported by ELISA analys1s. 
6.2.4 Summaries 
As far as the performance of ELlS A was concerned, its rehab1hty depended on the complexity of 
the sample matnx. Samples w1th more orgamc matter generated Significant mterference. The 
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samples m the adsorption isotherm tests were made by spikmg known oestrogens m R 0. water, 
thus the analy~is was thought to be prec1se and sensitive enough (Table 6-1). 
For the samples from pilot trickling filter performance momtormg, the replicate analys1s usmg 
known spiked synthetic sewage mdicated the overestimated the concentratmns and was thus not 
smtable for obtammg absolute concentrations. However, the data showed 1t was able to monitor 
the relative changes and variations, and could be sensitive enough to momtor relative changes of 
oestrogen concentrations. 
For field samples, the performance of ELISA was not 1deal. The reliability of ELISA analysis 
also dropped w1th the mcrease of the matnx complexity. The companson w1th chem1cal analysis 
showed that the overestimate dropped along the treatment tram, so the ELISA analys1s maybe 
smtable for the absolute concentratiOn of natural momtonng but not for the earlier stage of 
sewage treatment For pilot work, or well-controlled relative performance compansons, the 
analySIS could be used certainly for qualitative monitonng by oestrogen removal rate Penod1c 
removal rates from field samples w1ll be less reliable 
The mdJcat10ns are that preservation was also important g1ven the rap1d conversmn of E2 to El 
and relatively easy biodegradatiOn of the oestrogens. At present, no analytical method could be 
used w1th absolute confidence and further work Will be necessary. 
Based on the performance of ELISA analysis and chem1cal analys1s With MS detectmn for field 
samples, 1t was concluded that the mam reason for the discrepancy was the mcomplete pre-
treatment Consequently, for the field sample analys1s, a HPLC clean-up step was added after 
Cl8 SPE. This was based on the HPLC-UV analys1s tnal at the begmmng of the proJect, thus the 
method was changed again based on experience The eluted oestrogens m d1chloromethane were 
evaporated and red1ssolved m methanol before mjection mto the HPLC. In this HPLC separatmn, 
the fractmns between 3 to 8 mmutes were collected as the three oestrogens were present m the 
time spell. This 5-mmute fraction was then evaporated agam and reconstituted in 10% methanol 
for ELISA analys1s. 
This further rev1sed pre-treatment protocol was applied to the one-week compos1te sewage 
samples from Alsager STW usmg sample preservmg methods (1 mL HCl and 0.25g Cu(N03)2for 
1 L sample-Huo et al. 2006) recommended m the Natmnal DemonstratiOn Programme. 
In order to find out whether preservative w1th Cu would 1mpair the ELISA analysiS, the ELISA 
kits supplier (Japan EnvrroChem1cals) helped th1s research by conductmg an expenment - effect 
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of preservatives on estrogen ELISA assay. Details of the experiment are given m Appendix B In 
th1s expenment, the analysis recovenes were compared for the two different preservatiOn 
methods, namely only sulphunc acid till pH=2 and 1 mL HCl and 0.25g Cu(N03)2 for a 1 L 
sample. The results md1cated that both sulphunc ac1d and Cu(N03)2+HCl should not interfere 
w1th ELISA analys1s 1f the solid phase extraction column pre-treatment had been earned out. 
However, 1t was suggested form the data that Cu(N03)2+HCl (pH=2) was better as preservatives 
for envrronmental sample than just sulphunc ac1d (pH=2). One result underestimated the 
oestrogen concentratiOn w1th only sulphunc ac1d. The cause was not identified, and the 
bmdegradatmn seemed most likely. 
To 1mprove reliability, the pre-treatment for ELISA analys1s is changing continuously for real 
samples. Suzuki et al. (2006) reported the ELISA analys1s for samples from a STW usmg 
oxidation ditches The authors employed similar sample pre-treatment protocol except one more 
fros1l SPE cleanup after the normal C 18 SPE. They reported 70-73% recovery for E2 and 99-
101% recovery for El, w1th the CV% of 0 8-7.8%, although these results were not validated by 
chem1cal analys1s methods. 
6.3 THE PILOT -SCALE TRICKLING FILTER 
6.3.1 Removal of pollutants in a trickling filter 
For the construction of mechanistic models, 1t IS used to divide the trickling filter mto five zones 
(Figure 6-23): 
• lnterstltml air 
• Free flowmg liqmd film (or bulk water) 
• Captured liquid film (or liquid film) 
• Bmlogical film 
• Inert support matenal 
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Figure 6-23 Schematic representatiOn of the phenomena mvolved m b10film reactors 
The micro-organisms within the biological film use organic matter in wastewater as theu food 
source, and utilize dissolved oxygen m the liquid film to aerobically metabolise the organic 
matter. 
The free flowmg liqmd film corresponds to the liqmd flowmg freely over the biOlogical film. 
Organic matenals must pass from th1s free flowmg liqmd film through the captured liqmd film to 
reach the b10film. The captured liquid film corresponds to the bound liqmd fraction retamed 
between the micro tentacles and cavities of the biofilm surface, through which orgamc materials 
are brought m contact with the b10film. 
Small dissolved organics are transported by diffusion w1thm the b10fi!m where the reactiOns take 
place (Levme et al. 1991). Molecules With a molecular weight less than 1000 Dalton can be taken 
up and metabolised mtracel!eularly by bactena, the relative biOdegradability of these low 
molecular weight compounds are governed by theu molecular structure (Levme et al 1985). 
The molecular weights of the oestrogens are 270-300 Dalton (El 270.36, E2. 272 37, EE2: 
296 39). When oestrogens m the synthetic sewage flow through the pilot tncklmg filter, they 
have to cross the liqmd film bound to the biofilm and approach the surface of biOfilm. The 
attached oestrogens are then biodegraded mtracel!eularly by the micro-organism m the film 
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6.3.2 Oestrogens in the synthetic sewage 
Oestrogens have a higher octanollwater partitiOn coefficient, 1 e. LogKow (Section 3.1, Table 3-
2), thus they partly dissolve m water and are easily partitioned from the aqueous phase to the 
solid surface. It IS then hypothesized that most of the oestrogens spiked into the synthetic sewage 
would be present both m the aqueous phase and bound to the solids 
In order to test th1s hyposthes1s, findmg out the present status of oestrogens m the synthetic 
sewage, experiments were carried out using five-replicate synthetic sewage samples and the 
recovery tests Recipe 2 was used because It was likely to have a greater adsorptiOn potential for 
the oestrogens w1th Its h1gher suspended solids (SS) load than recipe 1. 
Oestrogen concentrations were quantified by ELISA analysis. 5 replicates were pretreated 
accordmg to the pretreatment protocol w1th the retamed solids washed w1th methanol and then 
the extracts were added back mto the filtrate (Section 5.5 and 6.3.1). The same 5 replicates were 
also analysed with the pretreatment but without the methanol wash Thus the measured oestrogen 
concentratiOns for samples subjected to solids washing would mclude oestrogens bound to the 
solids and dissolved m the water, whilst for those without solids washing the concentration were 
considered to be only the dissolved ones The measured oestrogen concentrations and the 
percentages of retained oestrogens are g1ven in Table 6-9 
Table 6-9 Oestrogens retamed by the filter m sample pretreatment 
Oestrogens ConcentratiOn (ng!L) Concentration (ng!L) Retamed oestrogens (Filter washed) (Filter not washed) (%) 
El 47.6±1 7 (45 4-49 8) 47 0±1.7 (45 0-49.3) 1.3 
E2 16.6±0 6 (15.9-17.5) 16.2±0.6 (15.5-17 2) 2.4 
EE2 4 91±0 20 ( 4.63-5.12) 4.75±0.36 (4.20-5 11) 3.3 
Only slightly variations (retamed percentage <2.4%) were observed for those samples w1th 
further solids extraction compared to those without solids extractiOn This indicated that the 
spiked oestrogens were not retamed by the solids or filter but were present m the dissolved phase 
of the synthetic sewage influent samples, i e. oestrogens were not attached to the suspended 
solids. This result was m accordance w1th the reports of Huang and Sedlak (200 1 ), Anderson et 
al. (2004) and Desbrow et al (1998) who also revealed that m the mvestigated samples, 
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oestrogens were only found m the dissolved state in water rather than attached to the suspended 
solids. 
The results of th1s expenment contradict the above hypothesis, and therefore oestrogens m the 
synthetic sewage are present mamly in the aqueous. phase. 
6.3.3 Results of the pilot study 
The measured mfluent and effluent oestrogen concentrations m experiment 1-5 are provided m 
Table 6-10-Table 6-12 The other operational water quality parameters are g1ven m Table 6-12. 
Table 6-10 El concentrations and the removals measured by ELISA 
Oestrogen concentratiOns (ng!L) Removals Number of Experiment 
Tnckling filter Humus tank (%) samples 
mfluent effluent 
1 47 2±16 23.1±2.2 51±3 Normal SS 5 
No recycle (45.4-49 2) (20 4-25.9) (47-55) 
2 47.6±1 7 23.3±1.4 51±4 Normal SS 5 
No recycle (45 4-49.8) (21.6-24.9) (46-57) 
3 48.4±0.9 8 20±0.89 83±2 Normal SS 5 
1.1 recycle (47.5-49.3) (7.22-8. 95) (81-85) 
4 48 1±1.0 28.3±3.1 41±6 Higher SS (46.5-49.3) (23.7-31 5) (34-49) 6 No recycle 
5 47.4±1.6 15 3±1.2 68±3 Higher SS (44.5-49 2) (13.0-16.5) (64-73) 6 1 1 recycle 
* Tabulated values are: mean± standard dev1atwn 
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Table 6-11 E2 concentratiOns and the removals measured by ELISA 
Oestrogen concentrations (ng!L) Removals Number of Expenment 
Tncklrng filter Humus tank (%) samples 
rnfluent effluent 
2 16 6±0.7 6.84±0 28 59±3 Normal SS 5 
No recycle (15.9-17.5) (6.42-7 .09) (53-63) 
3 13.3±1 4 1.64±0.39 88±2 Normal SS 5 
1:1 recycle (12.1-14 8) (1.25-2_02) (86-90) 
4 13.9±1.0 7.14±0 30 48±3 H1gher SS (124-152) (6.72-7 54) (44-52) 6 No recycle 
5 14.4±0.8 3.58±0.53 75±4 H1gherSS (13 3-15 6) (3.01-4 43) (69-77) 6 1:1 recycle 
Table 6-12 EE2 concentrations and the removals measured by ELISA 
Oestrogen concentrations ( ng!L) Number of Experiment 
Tncklmg filter Humus tank 
Removals(%) 
samples 
rnfluent effluent 
1 47.5 ±0.5 26 6± 1.7 44±4 Normal SS 5 
No recycle (46 9-48.1) (24.9-28 8) (39-48) 
2 4.91±0 20 2.72±0.18 45±2 Normal SS 5 
No recycle (4.63-5 02) (2.54-2_98) (42-46) 
3 4.92±0.13 1.18±0.15 76±3 Normal SS 5 
1:1 recycle (4.79-5 05) (l.Ol-L29) (74-79) 
4 5.02±0.07 2.87±0 17 43±3 Higher SS (4 94-5 12) (2 72-2 87) (42-46) 6 No recycle 
5 5.03±0.10 1.55±0.21 69±4 H1gherSS (4 89-5.17) (1 32-1 61) (63-74) 6 1.1 recycle 
* Tabulated values are: mean± standard dev1at10n 
In expenment 1, 51±3% El and 44±4% EE2 were removed from the synthetiC sewage by the 
pilot tricklmg filter. In experiment 2, the more envrronmental related oestrogen concentrations 
were used The effluent concentration of El, E2 and EE2 were 23 3±1.4 ng!L, 6 84±0 28 ng!L 
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and 2 72±0 18 ng/L respectively, with the removals of 51±4% for El, 59±3% for E2 and 45 ±2% 
for EE2. Oestrogen removal rate observed from smgle filtration are Similar as reported m Similar 
studies (Jolmson et al 2000, Svenson et al. 2003, J olmson et al. 2006). 
In expenment 3, a 1 1 recirculatiOn was mtroduced based on the performance in expenment 2 
(single filtratiOn with normal SS load). Removals mcreased to 83±2%, 88±2% and 76±3% for El, 
E2 and EE2 respectively. Results indicated that most of the oestrogens were removed although 
the standard expected will be 1 ng!L for annual average total oestrogen contratiOn. However, 
there are no other detailed reports m the literature of trickling filters reachmg this standard, 
except for a STW m Brazil which was reported 67% for El, 92% by E2 and 64% for EE2 (Temes 
et al. 1999a). 
Table 6-13 Oestrogen removal m cold and normal days m expenment 3 
Oestrogen concentratiOns (n_g!L) Nmnberof Phase Removal rate(%) 
Tnckling filter Hmnus tank samples 
mfluent effluent 
Phase 3A normal days (September 2005-December 2005) 
Average temperature (mfluent:10.9±5.4, effluent: 7 6±4 9) 
El 48 4±0.9 8.20±0 89 83±2 5 (47 5-49.3) (7.22-8.95) (81-85) 
E2 13.3±1.4 1.64±0_39 88±2 5 (12.1-14 8) (1 25-2 02) (86-90) 
EE2 4 92±0 13 1.18±0_15 76±3 5 (4.79-5 05) (1 01-1.29) (74-79) 
Phase 3B cold days (December 2005-February 2006) 
Average temperature (influent 4.6±11, effluent: 2.9± 0.9) 
El 48.5±0.6 33 0±1.3 32±2 3 (47.9-49.1) (31.6-33 9) (30-34) 
E2 14.3±1.1 10 5±06 27±6 3 (13.1-15 2) (10.1-11 2) (23-33) 
EE2 4.69±0 16 2.99±0_25 36±3 3 (4.59-4.87) (2.79-3_27) (33-39) 
* Tabulated values are: mean± standard deviatiOn 
It was noteworthy that later in this expenment penod, the pilot tricklmg filter experienced cold 
weather from December 2005 to February 2006 (expenment 3B). The filter became frozen m the 
evening and was only operated in the day. The measured oestrogen concentratiOns and the 
removal rates are all given in Table 6-11 Results obtained dunng the rest penod of experiment 3 
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(experiment 3A) when the tncklmg filter was operated with normal temperature are also given in 
Table 6-13. In expenment 3B, the removal of oestrogens dropped from 76-88% m expenment 3A 
to 27-36%. This decrease m tnckiing filter performance was also observed from the other 
operatiOnal water quality parameters, for example, TOC and NH3-N concentratiOns m effluent 
significantly mcreased (Table 6-14). This deterioration of effluent quality was considered the 
result of reduced bioactivity m the biofilm caused by low temperature 
Table 6-14 Influent and effluent water charactenstics of the pilot trickling filter durmg the study 
Experiment Sample TOC ss NH3-N Water pH Date (mg!L) (mg!L) (mg!L) Temp ("C) 
1 Inf. 144.3±33 2 133±17 26.0±5 9 11.2±4.8 6.9±0.2 
Normal SS 09/2004-04/2005 No recycle Eff. 18.37±12.0 15±10 8.5± 2.8 97±46 7 7±04 
2 Inf. 147.9±37.4 139±18 23.9±6.4 19.2±4 7 67±02 
Normal SS 05/2005-08/2005 No recycle Inf. 17.56±89 14±6 6.6±19 15 3±5 2 7.2±0.3 
3A Inf. 146.4±41.5 129±13 27 4±6 1 10 9±5 4 7.1±0,1 
Normal SS 09/2005-12/2005 1:1 recycle Eff. 15.01± 7 4 13±10 4.7±2 1 7.6±4.9 7.2±0.2 
3B Inf. 143.1±23.2 131±21 28 27±4 5 4.6±1.1 7.1±0.2 12/2005 
Normal SS 
-
1:1 recycle Eff. 67.21±13 9 22±13 20.76±3.7 2.9±0.9 7.1±0 3 02/2006 
4 Inf 145.7±26.5 221±23 27.91±5 8 6 8±2 7 7.3±0 3 03/2006 
Higher SS 
-
No recycle Eff. 19.72± 8 6 27±11 9.7±2.8 5.9±4.3 7.4±0.2 05/2006 
5 Inf. 144 9±22.6 219±19 25.85±5.2 15.6±1 3 7.2±03 06/2006 
Higher SS 
-
1:1 recycle Eff 15 37± 8.3 23±15 6.3±2.2 11.2±5 8 7 3±02 08/2006 
* Tabulated values are: mean± standard deviatiOn 
In experiment 4, recipe 2 was used to obtam a htgher SS load (Table 6-14 ), and the measured 
oestrogen removals were 34-49% for El, 44%-52% for E2 and 37%-46% for EE2. Compared 
with the results m expenment 1 and 2, m which also normal hydraulic load (once through 
filtration without recrrculation) was applied, the oestrogen removals dropped around 10% 
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In expenment 5, h1gher SS loading was also applied but the hydraulic load was doubled by 
mtroducmg the 1:1 recrrculat!on 68%-75% oestrogens were removed from the aqueous phase. 
Thus results from the 5 experiments md1cated that the 1·1 recrrculation improved the removal of 
eostrgens by the p1lot-scale tncklmg filter, whilst low temperature and higher SS load rrnpa1red 
the performance of the trickling filter. 
Based on the removal vanations m different phases, it was found that recirculation played a 
pos1tive role m oestrogen removal while h1gher SS loading reduced the removal. Further 
discussions of the effects of rec1rculation, ambient temperature, SS load and humus settlement is 
given in the followmg 4 sect10ns (Sect10n 6.4.4-6 4.6) 
6.3.4 Effect of recirculation 
F1gure 6-24 illustrates the effect of recrrculat10n on oestrogen removals w1th normal SS load 
( expenment 2 and 3) and h1gher SS load conditions (experiment 4 and 5). The observed 
oestrogen removal rates m expenment 3 and 5 (1:1 recrrculat10n) showed an mcrease compared 
w1th the1r matchmg expenment pau 2 and 4 (no recirculation) 
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F1gure 6-24 The effect of the 1: 1 rec1rculat!on on oestrogen removal by the p1lot tncklmg filter 
Based on the understandmg of tnckling filter working fundamentals (SectiOn 6.3 .1 ), when the 1 1 
rec1rculat10n was mtroduced to the operatiOn of the pilot tnckling filter, half of the settled 
tricklmg filter effluent returned back to the m1xmg tank. The hydraulic load therefore was then 
doubled to an overall system flow rate of 24m3/d. In th1s case, the orgamc load was unchanged, 
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as the mfluent concentration was d1luted by the recycled settled effluent The mcrease of the 
mflow rate led to the increase of workmg pressure of the nozzle, which has been reported 
previously to improve wettmg (Wheatley 1976). It was observed m the pilot study expenments 
that flow seemed to be more evenly distributed over the med1a. The sewage was also sprayed out 
from the nozzle as finer droplets, wh1ch also helped the media be better wetted. Thus the recycle 
typically improved performance of tr1ckhng f1lters. 
In the mner part of the trickling filter, the hydraulic conditions also changed accordmgly. The 
th1ckness of the captured liquid film over the bwfilm became thinner because of the mcreased 
flow rate of free flowing liqmd film (F1gure 6-23). The h1gher flow rate also made the flow more 
turbulent, and subjected the bwfilm to stronger shear forces. Oestrogen molecules were 
transported to the bwfilm possibly restricted by hydrophobic adsorption to solids, the mass 
transfer rate in th1s film then was a key factor for the oestrogen removal by bwdegradatwn. The 
reduction of thickness of the captured liqmd film resulted m the decrease of the distance for 
oestrogen molecules to diffuse from the free flowmg liquid film to the biofilm; more oestrogens 
were transferred from the sewage to the bwfilm even g1ven the same overall hydraulic retentiOn 
time Thus the turbulent flow improved the mass transfer process m the pilot trickling filter It 
also enabled good m1xmg of the sewage flow in the same flow sectwn, wh1ch did not always 
occur in the predominantly lammar flow conditions of a deep filter. The stronger m1xmg and 
turbulence also helped to mamtam a necessary concentratiOn grad1ent to replemsh oestrogens m 
the bulk fluid This concentration grad1ent 1s the dr1ve of oestrogen transfer mto the captured 
liqmd film. 
Bioactivlly of the bwmass m the tricklmg filter was also mcreased by the thmner liquid film and 
turbulent flow With more oxygen and other necessary nutrients The h1gher shear rate 1mposed by 
recirculatlon on the bwfilm could also wash out sloughed bwf1lm and other bwdegradation 
products more effectively, wh1ch in turn helped to maintam the h1gher bwactiv1ty m the biofilm. 
The h1gher bwreactwn rate m the biofilm then improved the oestrogen concentration gradient m 
the captured hqmd film The improved mass transfer and bwact1v1ty were also shown by the 
improved nitr1ficat10n process and TOC removals (Table 6-14 ). 
The overall hydraulic retention time (HRT) has already shown by previous works (Servos et al. 
2004, Johnson et al. 2005) to be important m oestrogen removal. It has been suggested that 
h1gher HRT means oestrogens in the sewage have more contact time with the biofilm, wh1ch 
could result m more oestrogens removed from the sewage. Compared with the activated sludge 
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process, wh1ch usually has an HRT of 6-16 hours, bwfilm reactors like tncklmg filters usually 
have an HRT of less than one hour. Th1s may reveal the important role of contact time of 
oestrogens w1th micro-organ1sms for oestrogen removal by bwreactors Theoretically, the empty 
bed contact time (EBCT) is m mverse proportwn to the flow rate, therefore doubled flow rate 
means half EBCT. However, in a tnckling filter, the relation between the real HRT and the 
theoretical hydraulic load IS quite complicated With the bwfilm attached in Wheatley (1976) 
observed a tnckling filter workmg at a high rate (2.4 m3/m3d) had a s1gmficantly longer HRT 
than it was nm at half of the rate (I 2 m3/m3 d), and he presumed th1s was due to the increased 
dispersion of flow promoted by the nozzles. Pearce et al ( 1999) also referred to the posit1ve 
effect of h1gher hydraulic load on the mtnficatwn efficiency of tr1cklmg filters He proposed that 
the increased hydraulic load will mcrease the effective wetted area as well as the surface renewal 
of the liqmd film. For those filters with medm surface already sat1sfactonly wetted, an increase in 
hydraulic load will mcrease the degree of turbulent flow. The computed effective wetted area of 
rash1g nngs for biofiltration was observed to be mcreased With the mcrease of migatwn veloc1ty 
(Figure 6-25). Logan et al (1987) also predicted that, by mcreasmg the surface-renewal rate and 
therefore the Reynolds number of the Iiqmd film, oxygen transfer will be mcreased. 
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In this p1lot study, there was a remarkable improvement of oestrogen removal With the 
mtroductwn of the 1 1 recirculation (Figure 6-24). Therefore, th1s improvement was linked to the 
change of the hydrodynamic characteristics in the tr1ckling f1lter. Residence time distribution 
(RTD) IS a direct reflection of the hydrodynamic charactenstlcs, and 1t was employed m this 
research to momtor the changes brought about by the recJrculation Tracer studies were 
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performed to determme the RTD of the p1lot tncklmg filter by pulse InJection of L1Cl. The 
method 1s g1ven m Sectwn 5.9.2. 
Figure 6-26 shows the RTD at two different hydraulic loads. They are charactensed by a rapid 
mcrease m the concentration of tracer m the effluent, reachmg a peak and followed by an 
extended ta1l. The tailing is usually explained by assummg that some of the flowmg flmd is held 
back by adsorption on the surface of the medmm or in the biofilm, by trappmg w1thm pores, or by 
held up m little stagnant regions present at the contact pomts of the solid (Levensp1el, 1972). As 
anticipated in the case of a biofilm reactor such as the trickling filter, 1t can be mterpreted as the 
result from the slow exchange of tracer between the liqmd film and the biofilm. 
The recovery curves of L1 at different hydraulic loads were given m Figure 6-27. From the 
effluent concentration of Li curves (Table 6-26), 1t 1s observed that the peak concentratiOn of at 
higher hydraulic load (w1th 1:1 recirculation) is remarkably lower than that at half hydraulic load 
(without recrrculat10n), and so does the time of peak concentration The time Jag and the 
alleviation of peak show the stronger liquid retentiOn of the trickling filter under the higher 
hydraulic load. The recovery curves of Li at two hydraulic loads (F1gure 6-27) also showed the 
h1gher retentiOn time of the filter operated w1th 1: 1 recrrculat10n to obtain the same recovery of 
L1 The obtamed curves were s1milar to those obtamed m the research of Marquet (1999), who 
used the same tncklmg filter and same tracer study method. 
10~----------------------------------------~ 
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Figure 6-26 Curves of L1 concentrations in effluent at d1fferent hydraulic loads 
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Figure 6-27 Recovery curves of Li at different hydraulic loads 
It was proposed by Bruce and Merkens (1970) that tncklmg filter RTDs follow log-normal 
distributions, and the standard deviation of such a distribution would be given by log (tsoftl6), 
where tso represents the time for 50% recovery and t16 represents the time for 16% recovery. The 
log (t5oft16) along with t50, t16 and achieved recovery after 7-h expenment are given in Table 6-15 
Accordmg to Marque! (1999), the 7-h cut-off time for samplmg was enough for the study of 
hydraulic conditions in the tnckling filter expressed by RTD curves. 
Table 6-15 Companson of the RTD parameters at two hydraulic loads 
Hydraulic load 
(m3/m3d) t16(mm) tso(min) Log (tso/tw) 7 -h recovery 
12 37 73 0.295 80.2% 
24 54 180 0 523 70.0% 
For 16% and 50% recovery of the tracer, longer lime was reqmred at higher hydraulic load 
operation Higher log (t5o/t16) at higher hydraulic load also mdicated the higher retention time. 
The overall recovery after 7 hours of sampling obtamed at higher hydraulic load is 10 2% less 
than that obtamed at the lower load. All these data shows that some of oestrogens m the synthetic 
sewage were retamed with a longer residence lime m the pilot tnck:lmg filter, and thus led to a 
higher contact time with the b10mass when treated With 1: 1 settled effluent recrrculatiOn. The data 
also may support previOus work demonstratmg a strong link between retention time and 
oestrogen removals (Johnson et a! 2005). 
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Results m tlus sectiOn support the hypothesis that recirculation would impair the removal of 
oestrogens by the pilot tnckhng filter. 
6.3.5 Effect of ambient temperature 
o Normal days (3A) o Cold days (38) 
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Influent 10 9±5 4'C, effluent: 7.6±4.9'C 
Figure 6-28 The effect of ambient temperature on oestrogen removed by the pilot trickling filter 
Dunng the penod of experiment 3B (December 2005-February 2006), the temperature was low 
(Influent: 4 6±1.1 'C, effluent' 2 9± 0 9'C), compared with experiment 3A (September 2005-
December 2005, Influent' 10 9±5 4'C, effluent: 7.6±4.9'C). The removals in experiment 3B 
dropped from 76-88% in experiment 3A to 27-36% (Figure 6-28, Table 6-13). It IS known that 
biological actiVIty IS much reduced at about 5'C and also that trickling filters are vulnerable to 
low temperature, so It is likely that the biOdegradatiOn was reduced by the low temperature. The 
removal of E2, the most biOdegradable oestrogen, decreased from 88% to 27%, whilst that of 
EE2, the most persistent oestrogen, only decreased from 76%-36%. The greater removal 
reductiOn of E2 confirmed the reduction in bioactivity, which was also confirmed by the TOC 
and NH3-N removals (Table 6-14) 
Even With hm1ted bJOactiVIty, the pilot tricklmg filter still removed 27-36% oestrogens. Break-
though was not observed. However, It can not attnbute all of them to the adsorption, and it is 
reasonable to say that the dropped percentages of removals IS the result of impaued bioaclivity. It 
IS assumed that oestrogens are adsorbed firstly by the bwmass or biofilm and then biodegraded 
(Temes et al. 1999; Layton et al. 2000; La1 et al. 2002), thus the bwfilm could still adsorb some 
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oestrogens dunng the cold days even w1th only ceased bioactivity. The removal effiCiency in th1s 
penod was EE2>El>E2, wh1ch is in accordance With therr LogKow. a quantitative reflection of 
their hydrophob!City (La1 et al. 2002) This indicated that adsorption might be the an IlTiportant 
mechanism for oestrogen removal dunng the cold days. Wzth normal bmactivzty, E2 was 
observed to have the hzghest removal efficiency (88%) and EE2 has the lowest (76%) 
Seasonal and dmrnal ambient temperature variations are also known to affect biodegradation m 
tricklmg filters whzch are more sensztive than totally aquatic activated sludge, th1s can be one of 
the reasons for reported more erratic oestrogen removals in biofiltration STWs (Svenson et al. 
2003, Servos et al. 2004). Therefore, 1t IS reasonable that lower ambzent temperature Impairs the 
bioactivzty of the bzomass m the pilot tnckhng filter and decreases the removals of oestrogens 
6.3.6 Effect of suspended solids load 
F1gure 6-29 Illustrates the effect of SS load on oestrogen removals. A 2-11% removal decrease 
was observed in the frrst pair of comparzson ( expenment 2 and 4 ), wh1ch was smgle filtratiOn 
without reczrculation. In the second parr ( expenment 3 and 5), smgle filtration wzth 1.1 
recirculatmn, a 12% rate decrease for each oestrogen was observed These decreases should be 
the result of dzfferent synthetic sewage reczpe, i e. the h1gher SS load in experiment 4 and 5 
inhibited the removal. 
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Fzgure 6-29 The effect of SS load on oestrogen removed by the pzlot-scale tncklmg filter 
It was proposed by Matascz et al. (1986) that influent SS played a significant role m tncklmg 
filter performance. The degradation of partzculate matter, e g polymers and macromolecules, 
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requrres a prelimmary step smce they can not be transported across bactenal membranes at this 
size. They are frrst adsorbed onto the b10film surface, where extracellular enzymes synthesised by 
bactenal cells hydrolyse these adsorbed particulates and macromolecules mto smaller subun1ts 
(Confer and Logan, 1998, 1997a, 1997b). After d1ffusmg through the film, these subun1ts are 
transported across the cell membrane and metabolised The amount of enzyme reqmred and the 
rate of reaction are related to the s1ze and structure of the substrate 
It IS generally assumed that no bulk liqmd hydrolysis of part1culate/macromolecular matenal 
takes place w1thm a tncklmg filter. Larsen and Harremoes (1994) challenged this general 
assumptiOn that surface adsorption IS the first step in the sequence of biodegradation of non-
diffusible matter in biofilms In a study usmg lab-scale b10film reactors, they found that bulk 
liquid hydrolysis was responsible for the conversiOn of colloidal part1culate substrate to diffusible 
substrate. The hypothesis given was that micro-organisms m the biof1lm produce free and 
membrane bound extracellular hydrolytic enzymes The free extracellular enzymes diffuse out of 
the biofilm into the captured liqmd film at the surface of the biofilm The presence of hydrolytic 
enzymes in the liqmd accelerates the diffusion process but IS likely to be dependent upon particle 
SIZe. 
Removal decreased m the first companng parr (expenment 2 and 4, single filtratiOn) and in the 
second companng parr (expenment 3 and 5, with 1:1 recirculation) mdicated that the oestrogen 
removal was negatively affected by the mcreased SS concentration, regardless of the 
recrrculation However, the performance with recrrculatiOn was much better than that without 
recrrculat10n given the same SS load 
For oestrogens and part1culate matter, the transfer from the bulk water to the biofilm IS the key 
step for their removal. The attachment and collectiOn of particles to the surface of the b10film and 
higher SS density m the captured liqmd film might Impair the transfer of oestrogens through the 
film. F1gueroa et a/ (1992) also demonstrated the similar mh1b1tmg function of higher SS load on 
the mtnfication process, which was considered as a cometabohc process of oestrogen 
biOdegradatiOn (Vader et al. 2000). However, the turbulent flow With recrrculat10n IS able to 
counteract some of th1s barrier effect, as was showed m the removal increase m experiment 5 
compared w1th experiment 4. 
The obtamed results shows that higher suspended solids load of settled sewage would decrease 
the removal of oestrogens by tncklmg filter, and this hypothesis IS reasonable 
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6.3. 7 Oestrogen removal during humus settlement 
The effect of humus settlement in oestrogen removal was mvestlgated by companng the 
measured tncklmg filter effluent and humus tank effluent concentratiOns. In order to better 
understand the present state of the oestrogens in these effluents, special measures were taken m 
the sample pre-treatment process As described in Section 6.3.2 for mvest1gatmg the present 
status of oestrogens m the synthetiC sewage, the same sample was separated mto two ahquots, 
w1th one of them washed w1th the add1tional methanol It was cons1dered that the oestrogen 
concentration measured from the one w1th washmg step should mclude both oestrogens m the 
aqueous phase and attached on the sohd phase, whereas the concentratiOn from the one w1thout 
washmg step 1s only the dissolved oestrogens. Samples from expenments 4 and 5 were tested, as 
m the two expenments h1gher SS load was used thus higher adsorption potential was expected 
The measured oestrogen concentrations and the removal rates were all g1ven in Table 6-16. 
Table 6-16 Removal of oestrogens during humus settlement 
Oestrogen El E2 EE2 
OperatiOn phase 3 4 3 4 3 4 
Oestrogen Washed 28 4±1 0 15.7±1 2 8 23±0.37 4.29±0.48 3.34±0.08 1.6-±0 16 
Not concentration 26.1±1.8 14.5±1 3 7 68±0.22 4.08±0.43 2.85±0 04 1.43±0 17 
m unsettled washed 
effluent Dissolved 
(ng!L) oestrogens 91.7±3.3 92 0±20 93 3±2 0 95.2±1.1 85.3±0.7 88.9±20 
(%) 
Oestrogen Washed 25 7±1.8 14.5±1.3 7.10±0.24 3.99±0.43 2 82±005 1.44±0.15 
concentration Not 25 4±1.8 14.2±1.3 7 04±0.22 3 94±0.42 2 78±004 1.42±0.15 
m settled washed 
effluent DISSOlved 
(ng!L) oestrogens 98.8±0.6 98.1±0.5 99 2±1 0 98.8±0 9 98.8±0.4 98.6±0.1 
(%) 
Oestrogen Aqueous 2.5±1.7 2 0±1 0 8.2±1.3 3 4±2.6 2.2±0.5 0 6±1.2 
removal by phase 
the humus Overall 9 6±3.4 7.7±2.4 13.7±1.2 6 9±2.7 15.6±0 6 10.4±0.9 tank(%) 
Sample number 6 6 6 6 6 6 
* Tabulated values are: mean± standard dev1at10n; 
Results from the humus tank samples confmned that over 98% of the oestrogens were found m 
aqueous phase, only margmal percentage of oestrogens were attached to the suspended sohds. 
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Nevertheless, the results from the tricklmg filter effluent exhibited different status of oestrogens. 
For the lower hydraulic load (expenment 4), 91 7±3 3% El, 93.3±2 0% E2 and 85.3±0.7% EE2 
were found in aqueous phase. With the doubled hydraulic load (expenment 5), those percentages 
all slightly mcreased to 92.0±2 0% for El, 95.2±1.1% for E2 and 88.9±2.0% for EE2. This 
percentage increase was considered the result of desorpuon of oestrogens from the solids by more 
turbulent flow in the trickling filter effluent. Figure 6-30-6-32 shows the change of average 
percentages dissolved and adsorbed oestrogens m trickling filter mfluent, effluent and humus 
tank effluent. They showed that more adsorbed oestrogens were found m trickling filter effluent 
than in the mfluent and humus tank effluent. 
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The removal of oestrogens from the aqueous phase (0.6-8 2%) was less than half of the total 
oestrogens removed by the humus tank (9 6-15.6%). Especially for EE2, the removal from the 
aqueous phase was only 14% of the overall removal in the tank. The removals of three oestrogens 
by humus settlement are showed m Table 6-33. A hkely interpretation of the results was that the 
tricldmg filter effluent entering the humus tank contamed more porous particulates, e g. sloughed 
biomass, compared with the tncklmg filter influent in which the present status of oestrogens was 
mvestigated m Section 6.3 2, and most oestrogens entered the tank attached to these particles 
The substantial particulate change after tncklmg filter treatment with larger and more porous 
particulates bemg formed from the fine sohd m the filter has been previOusly reported by 
Marquet et al ( 1999). 
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Figure 6-33 Removal of oestrogens dunng humus settlement 
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The normal sample handling way was to wash retained solids by the filter and add the extract 
back to the filtrate, as then made the measured concentratiOn contam oestrogens both m the 
aqueous phase and loosely bound to the solid phase. The parttculate charactenstlcs changed after 
humus settlement, leaving fme non-porous solids wtth weaker binding for the oestrogens Thus 
the measured oestrogen m the humus tank effluent was mostly the dtssolved ones. Consequently, 
m the humus tank, the removal of oestrogens should be considered as two mechamsms One was 
the stmple settlement of oestrogens bound to the humus wtth no change m phase. The other one 
was the contmual degradatiOn of oestrogens in the humus tank, which was expressed by the 
removals from the aqueous phase. Bwlogtcal activity in the humus tank IS very small compared 
to that in the trtcklmg filter. As mtght be expected, the percentage removal achieved by this last 
process was found to be very small, espectally for the most persistent oestrogen of EE2. There 
were msuffictent results to confirm the role of partttlon from the aqueous phase in the humus 
tank. 
It was also noteworthy that the mcrease of hydraulic load reduced the removal of oestrogens by 
the humus tank. The overall removals rates and aqueous removal rates both dropped wtth the 
mcrease of hydraulic load. Thts may be the result of the halved retention time and doubled 
surface hydraulic load, which effected settlement efftctency, and so would have reduced time for 
partition. 
6.3.8 Summaries 
Ptlot-scale tnckling filter tnals wtth synthetic sewage were used to measure the mfluence of 
recycle and solids loads on removals It was found that under the normal condttlon of smgle 
filtratiOn, 45-59% oestrogens were removed from the aqueous phase. The mtroductwn of 1·1 
recycle increased the removal rates to 76-88%, supportmg the hypothesis that recrrculatton 
improves the removal of oestrogens Htgher SS load were shown to tmpatr the oestrogen removal 
process. It was observed that tf the SS were doubled, the removal of oestrogens dropped 2-11% 
wtthout recrrculat10n and 7-15% wtth recirculatlon. 
The fundamental process of oestrogen removal in tncklmg filters was considered to be a 
combmatlon of adsorptiOn and biOdegradatiOn The measures which could help the dtffuswn of 
oestrogens mto the biofdm and mcrease the biOdegradation rate could also improve the oestrogen 
removal performance of the ptlot tnckling filter These measures were increasmg retentiOn time, 
reducmg the solids which act as a barner to dtffuswn and increases m temperature. 
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The humus tank also contnbuted to the further removal of oestrogens from the trickling f1lter 
effluent. The charactenstics of the particulates are changed dunng biofiltratwn, and some 
oestrogens become attached to the porous particulates from the tnckling filter. They were 
separated by grav1ty in the humus tank. Only a small percentage of oestrogens were removed 
from the aqueous phase as m1ght be expected srnce bwlog1cal activity was so low. The h1gher 
hydraulic load from recycling act negatively m the removal m the humus tank due to the 
decreased settlement efficiency. 
Compared w1th El and EE2, E2 had the h1gher removal effic1ency m most of the experiments 
except for the cold days when EE2 was better removed, th1s may be due to 1ts h1ghest 
hydrophobic property. In th1s p1lot study, only free oestrogens were spiked mto the synthetic 
sewage and no conclusions concerning the role of the deconjugation were drawn m the whole 
treatment cycle. B1oactiv1ty in the feed tanks was limited by frequent cleaning and two-day 
preparation. However, some degradatiOn and deconjugation would occur in the pnmary 
settlement tanks m normal operation. Th1s may contribute more to the behavwur of El and th1s 
was mvestigated by the work descnbed in the next sectiOn on full scale treatment 
6.4 FULL-SCALE TREATMENT WITH TRICKLING FILTERS 
The field survey at Alsager STW was earned out m order to to compare w1th the results obtained 
durmg pilot study. The oestrogen concentratiOn profile along the treatment chain was also 
obtamed wh1ch was able to help further understandmg of the removal of oestrogens m the 
trickling filter STW. Investigated results were compared With those data reported m literature. 
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6.4.1 Results of field survey 
The field mvestigation on full-scale treatment of tncklmg filters was earned out m AI sager STW, 
mcludmg two sets of grab samples and one set of one-week composite samples. The measUled 
results and their splkmg recovenes are given m Table 6-17-Table 6-19. Based on the results 
obtamed in analysis comparison (SectiOn 6.2.3), the oestrogen concentratiOns m field samples 
measUled by ELISA were subjected to greater mterference than synthetic sewage and all 
overestimated However they was able to be calibrated by the recovery rate of each sample to 
give more accUlate results, thus the results used m this section for the evaluation of removal 
performance are all calibrated ones. Figme 6-34 gives the flow rate profile of Alsager STW from 
January 2005 to May 2006 Details of the process design are descnbed m SectiOn 5.2. 
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Figure 6-34 The flow rate profile of Alsager STW 
Calibrated oestrogen concentratiOns for El, E2 and EE2 along the treatment train (CS-crude 
sewage, SSE-settled sewage, TE-tnckling filter effluent, HE-humus tank effluent, FE-fmal 
effluent after sand filtration) in 3 sets of mvestigations are given m Flgme 6-35, 6-36 and 6-37 
respectively. 
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Table 6-17 Measured El concentratiOns of samples collected from Alsager STW 
Samples Splkmg concentrations Results of EL! SA Recovery (ng/L) (ng/L) (%) 
Samples collected on 02112/2005 (wet, flow rate 10,323 m3/d, 7SC) 
0 28.1±4.2 
Crude sewage 177 
30 81.2±8.8 
0 12 8±5 2 Settled sewage 125 
30 50.3±8.3 
Tncklmg filtres 0 10 8±1.3 133 
eflfuent 15 30.7±5.7 
Humus tarlks 0 9.96±1.66 
effluent 108 15 26.2±4 21 
F mal effluent 
0 3.32±0 82 
95 
5 8.07±1.10 
Samples collected on 13/03/2006 (dry, flow rate 4128 m3/d, 8.6°C) 
0 95.3±3.6 Crude sewage 207 
30 157 4±15.7 
0 85.1±4.0 Settled sewage 192 
30 142.7±16.2 
Tnckhng filters 0 42.0±3.1 159 
eflfuent 15 65 9±2 2 
Humus tarlks 0 35.6±2 5 148 
effluent 15 57.8±1.7 
Fmal effluent 
0 16.4±1.9 
124 
5 22.6±0.8 
Samples collected from 22/05/2006 to 26/05/2006(average flow rate 11923 m3/d, 11.2-15.4 oC) 
0 24 5±1.2 
126 Crude sewage 
30 62 3±4.6 
0 23 2±2 3 Settled sewage 122 
30 59 8±3 9 
Tricklmg filters 0 9.14±1 2 109 
eflfuent 15 25 5±3 3 
Humus tarlks 0 9 79±1.29 
effluent 114 15 26.9±2 2 
Final effluent 
0 4.12±0.62 
92 
5 8.74+1.33 
# 
* Tabulated values are: mean± standard devmt1on (duplicate) Only detected m one sample; 
N D.- not detected 
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Table 6-18 Measured E2 concentrations of samples collected from Alsager STW 
Samples Spikmg concentrations Results of ELlS A Recovery (ng!L) (ng!L) (%) 
Samples collected on 02/12/2005 (wet, flow rate 10,323 m3/d, 7SC) 
0 11 42±2.14 
Crude sewage 214 
10 32 82±4 60 
0 10.53±1.32 
191 Settled sewage 
10 29 63±4.90 
Tricklmg filters 0 4.74±0.52 188 
effluent 5 14 14±2.20 
Humus tanks 0 3.18±0 97 139 
effluent 5 10.13±1.30 
Fmal effluent 
0 1.72±0 24 
142 
2 4.56±0 80 
Samples collected on 13/03/2006 (dry, flow rate 4128 m3/d, 8.6T) 
0 51 61±4 97 
Crude sewage 235 
10 75.11±9.70 
0 42.88±3 05 
Settled sewage 178 
10 6068±8.50 
Trickling filters 0 14 76±2 84 
eflfuent 145 5 22.01±2 40 
Humus tanks 0 13.69±2.87 
effluent 151 5 21.24±1 80 
Fmal effluent 
0 6.22±1.10 
128 
2 8.78±1.03 
Samples collected from 22/0512006 to 26/05!2006(average flow rate 11923 m3/d, 11.2-15.4°C) 
0 7.45±0 33 
Crude sewage 149 
10 22.4±2.4 
0 5.71±0 21 
Settled sewage 127 
10 18 4±3.3 
Tncklmg filters 0 1.76±0 23 106 
eflfuent 5 7.06±1.70 
Humus tanks 0 1.69±0.12 
effluent 112 5 7.29±1.00 
Fmal effluent 
0 0 65# 
97 
2 2.59±0.60 
• *Tabulated values are. mean± standard deviatiOn (duplicate) Only detected m one sample, 
N.D.- not detected 
165 
Chapter 6 Results and Discussions 
Table 6-19 Measured EE2 concentratiOns of samples collected from Alsager STW 
Samples Spiking concentrations Results of ELISA Recovery (ng!L) (ng!L) (%) 
Samples collected on 02112/2005 (wet, flow rate 10,323 m3/d, 7SC) 
0 0 20±0.13 
Crude sewage 145 
5 7.45±1 80 
0 0.20±0.11 
Settled sewage 184 
5 9.40±1.20 
Trickling filters 0 ND 
effluent 2 ND 
Humus tanks 0 ND 
effluent 2 ND 
Final effluent 
0 ND 
2 ND 
Samples collected on 13/03/2006 (dry, flow rate 4128 m3/d, 8.6°C) 
0 3 18±0 45 
Crude sewage 113 
5 8.83±1.20 
0 4 65±0.32 
Settled sewage 132 
5 11 3±1.6 
Tncklmg filters 0 1 92±0 18 
eflfuent 106 2 4 04±0.80 
Humus tanks 0 1 42±0.16 
effluent 88 2 3.18±0 30 
Fmal effluent 
0 0.74±0.08 
94 
2 2.62±0.10 
Samples collected from 22/05/2006 to 26/05/2006(average flow rate 11923 m3/d, 11.2-15 4oC) 
Crude sewage 
0 
5 
2 03±0.12 
116 
7.83±1.20 
Settled sewage 
0 
5 
1.80±0.11 
109 
7.25±1 60 
Tncklmg filters 0 0 91±0 09 
eflfuent 98 2 2.87±0.80 
Humus tanks 0 0 69±005 
effluent 93 2 2.55±0.30 
Fmal effluent 
0 0.37# 
87 
2 2 11±0.10 
• * Tabulated values are. mean± standard devmtwn (duplicate) Only detected m one sample, 
N D. -not detected 
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Figure 6-35 Calibrated El concentratiOns m Alsager STW treatment train 
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Figure 6-36 Calibrated E2 concentratiOns in A! sager STW treatment tram 
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F1gure 6-37 Calibrated EE2 concentratiOns m Alsager STW treatment tram 
Generally, concentrations of the three oestrogens decreased along the treatment tram, except for 
those of the settled sewage sample collected m 03/2006, which was higher than the crude sewage. 
Th1s elevated oestrogen levels after pnmary settlement was attnbuted to the hm1ted removal by 
primary treatment and works returns wh1ch contain some amount of oestrogens from sludge 
th1ckening and sand filter backwashmg. The survey m Ilkeston STW also observed the s1m1lar 
oestrone level mcrease for El and EE2 (Sectmn 6.2 3, Stokes et al. 2006). 
Removals of oestrogens along the treatment tram for each investigation are g1ven m F1gure 6-
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Figure 6-38 Oestrogen removals m Alsager STW along the treatment tram (12/2005) 
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Figure 6-39 Oestrogen removals m Alsager STW along the treatment tram (03/2006) 
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Figure 6-40 Oestrogen removals m Alsager STW along the treatment tram (05/2006) 
The removal profiles obtamed m the three field surveys were srmilar. The primary settlement 
removed 0%-35.5% oestrogens, but the performance was not stable and the obtained rates varied 
m a Wide range. The survey of 03/2006 even showed elevated oestrogen concentratiOns after the 
Simple sedimentation. Full-scale tricklmg filters and humus tanks exhibited similar performance 
to the pilot-scale tncklmg filter (SectiOn 6.3.3). Tncklmg filters removed 35.6-66.8% oestrogen 
concentrations and the settlement m humus tanks only marginally increased the removals 
(<10%). Removals after humus settlement also fluctuated in a wide range (42-55.8% for El, 
50 5-69.8% for E2 and 42.7-57.6% for EE2) although they were better than those after primary 
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treatment. More stable and h1gher rates (75.5-85 6%) were obtained after tert1ary sand f1ltrat10n; 
this was m accordance w1th the reported results (Johnson et al 2006). The contnbut10n by each 
stage for composite samples collected m May 2006 are illustrated m F1gure 6-41. Tnckhng f1lters 
are the most important stage followed by sand filters, they contnbuted 55-71% and 19-17% 
respectively to the overall removed oestrogens. The removals achieved by pnmary settlement and 
humus tanks, however, vaned greatly among three oestrogens. Primary settlement removed more 
E2 than El and EE2, and humus settlement removed more EE2 than El and E2. Among the 3 
investigated oestrogens, E2 had the h1ghest removals (80.6-83 1% ), followed by El (70-78%) and 
EE2 (75.7-77 7%) Some previous works reported the erratic behaviOur of El (Baront1 et al. 
2000), however, th1s was not observed m these surveys at Alsager STW. 
D pnmarysettlement D tnckhng filters Ill humus settlement D sand filtrat1on 
100% 
27% 19% 24% 
80"/o 3% 
0% 14% 
60"/o 
40% 71% 65% 55% 
20% 
3% 12% 7% 
0% 
E1 E2 EE2 
Percentages of removals by each stage at AI sager STW (May 06) 
F1gure 6-41 Percentages of removals by each stage at Alsager STW ( compos1te sample May 06) 
Ternes et al. (1999a) prov1ded the performance data of trickling filters m a Braz1l mumc1pal 
STW, 67% of El, 92% of E2 and 64% of EE2 were removed after secondary treatment. H1gher 
removals were ach1eved compared w1th those at Alsager STW, especmlly for that of E2. It 1s 
hkely that the h1gher temperature m the Braz1han survey (around 20 "C) effectively improved the 
bwdegradat10n. The effect of temperature was also confirmed m the performance of the pilot-
scale tricklmg filter m this proJeCt (Section 6 3.5). 
It was useful to compare the results of the Alsager field s1te w1th another tncklmg filter STW m 
the UK, St Ives STW, wh1ch was mvestlgated by Huo et al. (2006). St Ives STW 1s a domestic 
(>98%) STW located in East Anghan, and the catchment populatiOn 1s 16,556 It treats a DWF of 
4,200 m3/d (full flow 11,405 m3/d) using tncklmg filters operated w1th recirculation (1 5-3 DWF) 
and tert1ary lagoon. Ferrous chloride (FeCiz) IS dosed at the mlet of primary settlement for 
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phosphorus removal. Comparisons of oestrogen removals m Alsager and St Ives STW are given 
m Table 6-20 
Table 6-20 Companson of oestrogen removal in Alsager and St Ives STW 
Samples AlsagerSTW Stives STW 
12/2005 03/2006 05/2006 
El removal (%) 
ss 35.5 - 2.2 23 
HE 420 47.7 55.8 74 
FE 78 0 71.3 77.0 73 
E2 removal(%) 
ss - - 10.1 29 
HE 57 1 58 7 69.8 92 
FE 77.3 77.9 86 6 92 
EE2 removal(%) 
ss 21 2 - 5.6 25 
HE - 42.7 57 6 50 
FE - 720 75.7 45 
SS-settled sewage, HE-humus tanks effluent, FE-fmal effluent. 
Compared With the vanable removals (0-35 5%) of the pnmary settlement at Alsager STW, more 
stable and higher removals (23-29%) was observed at St Ives STW. The normally present 
suspended solids m the crude sewage have been shown by this research (SectiOn 6.3.2) and 
literature (Huang and Sedlak200 1, Des brow et al 1998) not to have adsorption potential. This 
better performance then may be explamed chemical dosmg for phosphorus removal (by FeCh). 
Some extra adsorption of the oestrogens from the sewage onto the porous ferrous floes would be 
expected given the hydrophobic property of oestrogens and the performance of humus tank m the 
pilot study (Section 6 3 7) However, some reported mvestigatwns showed that physical 
prec1pitat10n (such as P removal) and sedimentation process does not remove stero1d oestrogens 
(Desbrow et al. 1998; Johnson et al. 2005; Svenson et al. 2003). These mvestigatwns 
contradicted the above explamatwn, thus to attribute the higher removal at St. Ives STW to 
chemical aided precipitatiOn i~ unreasonable Further study with more field data and same 
analytical method would be useful 
Higher removals were achieved at St. Ives STW by tricklmg filters and humus settlement. The 
tncklmg f!lters at St Ives STW were operated with recirculatwn, which was 1.5-3 times the DWF 
accordmg to the mfluent sewage strength and dmmal variation From the p!Iot study, It could be 
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expected that th1s could improve the removal of oestrogens (SectiOn 6.3.4). Consequently, it was 
considered that the rec1rculat1on of tncklmg filters at St Ives STW mcreased retentiOn time and 
contributed to higher b10degradat10n rate m the biofilm. Smce E2 has already been reported bemg 
the most readily biodegradable oestrogen, then the performance of E2 would be expected to be 
better, as has been observed at St Ives w1th the removal of 92%. Accordmg to the pilot study 
(Section 6.3.6), higher suspended sohds load 1mparred the oestrogen removal by tnckling filters. 
Thus the h1gher removals observed at St Ives STW after humus settlement may also be improved 
by the chemical prec!pltahon durmg pnmary settlement. The physical precipitation process is 
effic1ent in solids removal and reduced the solids load of the followmg trickling filters. 
As far as the tert1ary treatment was concerned, no further removal of oestrogens was observed m 
lagoons uhhsed by the St Ives STW, but 16 8-36% were further removed by the sand filters at 
Alsager. Similar results were also obtamed m another STW (ASP) on the NatiOnal DemonstratiOn 
Programme, where El level were halved by the tert1ary sand filtratiOn and a further 10% removal 
was observed for E2 (Stokes et a! 2006, SectiOn 3.4.6, SectiOn 6.2.3). The d1fferences were 
interesting because biodegradatiOn IS expected to be hm1ted m sand filters and better m lagoons. 
Better adsorption onto the sand could be a reasonable explanatiOn Both oestrogen b10degradat10n 
and adsorption m the lagoon m wmter were likely to be lim1ted, and therefore further removals of 
oestrogens were urdikely to be occurrmg. This aspect of the performance of different type of 
tertiary treatment needs further research. 
6.4.2 Summaries 
Most of the oestrogens m the sewage treatment were shown to be removed by the tncklmg filter 
by biodegradation. Th1s IS s1milar to previOus work. Accordmg to the survey, the removals 
ach1eved after secondary treatment was 42-69 8%, w1th the most biodegradable oestrogen of E2 
showmg the highest rate Comparmg the results from another trickling filter STW m the UK w1th 
effluent rec!rculahon, similar and slightly better performance was observed as m the pilot study 
m this research. 
The tertmry sand filtratiOn was also effective at oestrogen removal, increasmg total rates of 
removal to 75.7-86.6%. It was cons1dered the result of mterception, and adsorption on the sand 
and attached b10mass as biodegradation should be qmte hm1ted. A different type of tert1ary 
treatment, I.e. lagoon, d1d not produce any improvement m removal. 
172 
Chapter 6: Results and Discussions 
ates of only 0-35.5%. supportmg the concluswn that s1mple tertiary Primary treatment ach1eved r 
treatment by settlement will n ot produce a good result. 
W and St Ives STW gave a Similar profile of oestrogen removal as The results from Alsager ST 
obtained m the pilot study 
operatiOn for bwlog1cal react 
the performance of a STW 
adsorption potentials and this 
. The chemical aided primary settlement, effluent recrrculatwn 
ors and tertiary sand filtration are all effective measures to improve 
to remove oestrogens. However, different solids have different 
was investigated m SectiOn 6 6 
6.5 APPLICATION OF ESTIMATION MODEL 
Several sets of measured oes trogen concentratiOns together w1th daily flow rate and temperature 
mformatwn at Ilkeston STW (50000 PE) and Alsager STW (13794 PE), and the data of St Ives 
STW (16556 PE) prov1ded 
developed by Johnson et al. 
5.2). The mean and range va 
world wide reported ASP re 
effluent loads (SectiOn 4.1). 
an opportumty to test the applicatiOn of the estimation model 
(2004). Process descnptwns for sewage works are given m Section 
lues used per head m the model are g1ven m Table 6-21, and the 
moval rates for oestrogens are also g1ven m Table 6-21 to predict 
Table 6-21 Values used per head m the model to estimate mfluent and effluent loads (Johnson 
and Williams 2004) 
Mea n and the range of Mean and the range of Oestrogen removal 
Oestrogens ex creted values for excreted values for rates by ASP 
mfluent (ng/l) effluent (ng/l) (%) 
El 13.8 (9.9-17 6) 4.9 (2.9-7.2) 64.7±5.8 
E2 3.3 (2.6-4 2) 0.6 (0.2-1.2) 81.7±10.6 
EE2 0 .89 (0 82-0 96) 0 13 (0 08-0.19) 85 2±5.1 
6.5.1 The estimation for influent loads 
Due to the overestimate of EL 
analysis at Ilkeston STW we 
results are g1ven m Table 6-2 
ISA analys1s for crude sewage samples, only results from chem1cal 
re used to compare w1th predicted ones. All predicted and measure 
2 with the flow rates and temperatures. 
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Table 6-22 Predicted and measured influent oestrogen concentratiOns at likes ton STW 
Oestrogens 
Predicted mfluent oestrogen concentratiOns (ng!L) Measured values 
50% E2 conversiOn 25% E2 conversiOn (ng!L) 
21/11/2006 (flow rate: 7,888 m3/d, 8.1 'C) 
El 87.5 (62.8-113.5) 77.0 (56 1-95 4) 50.8 
E2 20.9 (16.5-26.6) 31.4 (23.1-42.8) 78 
09/03/2006 (flow rate: 19,382 m3/d, 8 9'C) 
El 35 6 (25 5-46 2) 31.3 (22 8-38.8) 244 
E2 8 5 (6 7-10.8) 12.8 (9.4-17.4) 11.2 
EE2 3 7 (3 4-4 0) 2.3 (2 1-2.5) 1 
10/03/2006 (flow rate: 15,160 m0/d, 8.7'C) 
El 57 9 (41 5-75.1) 51 0 (37.1-63.1) 19 3 
E2 13 8 (10 9-17.6) 20 8 (15.3-28.3) 8.9 
EE2 2 3 (2.1-2.5) 3 7 (3 4-4 0) 0.7 
21/11/2005-25/11/2005 (average flow rate: 8,045 m0/d, 7.1-11.1 'C) 
El 85 8 (61.5-111 2) 75.5 (55.0-93.5) 66.1 (26.6-116) 
E2 20 5 (16 2-26 1) 30.8 (22 7-42.0) 54 5 (35.7-78 0) 
EE2 5.5 (5.1-6 0) 20.5 (16 2-26.1) 1 6 (0.97-2.75) 
02/03/2006-10/03/2006 average flow rate 14,391 m0/d, 8 3-9.9'C) 
El 47 9 (34.4-62.2) 42.2 (30.7-52.3) 27 8 (19.3-33.9) 
E2 11.5 (9 0-14.6) 17.2 (12 7-23.5) 12 0 (8 9-13.7) 
EE2 3 1 (2 8-3 3) 3.1 (2 8-3.3) 1 0 (0 7-1.7) 
For the sewage works influent, when the mean predicted value IS diVIded by observed value for 
El this gave a mean ratio of 1 8 (range 1.3-3 0), 0.8 (range 0.3-1.6) for E2 and 5.5 (range 0 8-
12.4) for EE2. The model predicted El and EE2 mean values are all overestimated, and the 
predicted E2 is underestimated. A regressiOn of the predicted mean values agamst the observed 
values gave R2 values of 0.73 (p<0.05) for El, 0 82 for E2 (p<O.Ol), and for EE2 an interception 
had to be used to produce a reasonable regression For EE2 the higher discrepancy could be the 
unreasonable assumed percentage of women who take oral contraceptives and also daily variance 
of th1s percentage However, for El and E2, this discrepancy could be explamed from the 
perspective of the oestrogen transformation. These results suggested that the assumed E2 
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transformatiOn percentage of 50% dunng sewer transit was higher than the actual transformation 
percentage for the sewage transit m th1s catchment. Thus less El was observed and more E2 was 
present m the mfluent. The model was also nm assumrng a lower transformatiOn rate of 25% 
(Table 6-22). The ratio of mean predicted value dlVlded by observed value for El was then 1 6 
(range 1 1-2.6) and for E2 was 1.2 (range 0 4-2.3). In this case, both oestrogen values were 
overestimated. Thus the actual rate of E2 transformation could be 25-50%. Th1s could be the 
reduced bioactJvity m the sewers, as maybe the results of relatively low temperature ( <ll T) 
during these surveys. However, the El values were still overestimated. Smce the discussiOn 
above already suggested the lower oestrogen conversiOn rate, it IS likely that the ongmall y 
assumed 100% deconjugation rate of glucuromde conJugates were also overestimated m this case 
due to the lower bwactivity m the sewers. 
Similar results were also observed when estimatmg the mfluent loads for St Ives STW (Table 6-
23). The survey was earned out in wmter When the mean predicted value (assume 50% E2 
transformation) is divided by the observed value for El this gave a mean ratio of 1.2, 0 6 for E2 
and 1.7 for EE2, and when assummg the 25% transformation rate, these ratio for El and E2 
changed to 1.1 and 0.9. This md1cated the amendment of the model estimatiOn accordmg to the 
temperature for oestrogen conversiOn assumption was reasonable. 
Table 6-23 Predicted and measured mfluent oestrogen concentrations at St Ives STW 
Oestrogens 
Predicted mfluent oestrogen concentratiOns (ng!L) Measured values 
50% E2 conversiOn 25% E2 conversiOn (ng!L) 
flow rate: 3,800 m3/d 
El 60 1 (43 1-78.0) 52 9 (38 6-65 6) 49 
E2 14.4 (11.3-18.3) 21.6 (15.9-29.4) 23 
EE2 3.9 (3 6-4 2) 3.9 (3.6-4 2) 2.3 
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Table 6-24 Pred1cted and measured mfluent oestrogen concentratiOns at Alsager STW 
Oestrogens Predicted mfluent values (ng!L) Measured mfluent 
values • 
50% E2 conversiOn 25% E2 conversiOn (ng!L) 
02/12/2005 (flow rate: 10,323 m3/d, 7 5°C) 
El 18.4 (13 2-23.9) 16.2(11.8-20 1) 15.9±2.4 
E2 4.4 (3 5-5 6) 6 6 (4 9-9 0) 5.34±1.00 
EE2 1.2 (11-1 3) 1.2 (l.l-1.3) 0.14±0.09 
13/03/2005 (flow rate· 4,128 m3/d, 8 6°C) 
El 57.0 (40.9-74.0) 40 6 (29.6-50.3) 46.0±1.7 
E2 13.6 (10.7-17.4) 16.5 (12.2-22 6) 22 0±2.1 
EE2 3.7 (3 4-4 0) 3.0 (2.7-3.2) 2.81±0.4 
22/05/2006-26/05/2006 (average flow rate.ll,923 m3/d, ll.2-15.4°C) 
El 16 0 (11.5-20.7) 14.1 (10.2-17.4) 19 4±1 0 
E2 3.8 (3.0-4 9) 5.7 (4.2-7 8) 3 56±0.24 
EE2 1.0 (0.9-1 l) 1.0 (0.9-l.l) 1 92±0.02 
*- Measured values were analysed by ELlS analys1s and calibrated by recovery rates. 
The estimated and measured results at Alsager based on 50% and 25% E2 transformation rates 
are g1ven Table 6-24 Like the other two STWs, EE2 was the most difficult to be estimated. For 
the results from the two sets of grab samples, which were all at low temperatures s1milar to 
Ilkeston and St Ives, the ratios of predicted value divided by observed value was 1.2 for El and 
0.7(0 6-0.8) for E2 assummg 50% transformation. Similar overestimate of El and underestimate 
of E2 was observed compared with the above results at Ilkeston and St .Ives STWs. Estimation 
based on 25% E2 transformatiOn was also made. The rat1os for El and E2 changed to 0.9-1 0 for 
El and 0 8-1 2 for E2. As expected, better correlation with observed values was achieved, 
supportmg the amended lower E2 transformatiOn at low temperatures However, for the results 
from composite samples, which were collected at h1gher temperatures (11.2-15.4 OC), the ongmal 
estimated values were all 80% of the observed ones The same adjustment of E2 conversion was 
conducted again regardless of the h1gher temperature El values then were further underestimated 
and E2 values were slight overestimated. Th1s indicated that the 50% rate for E2 conversion at 
h1gher temperature was reasonable, and the adjustment was unnecessary. 
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6.5.2 The estimation for effluent loads 
In order to provide more field data for this estimation model, oestrogen removals after ASP at 
likes ton m the five surveys are given m Table 6-25 together with the world wide data These 
results mdicated that most of the E2 removals were in accordance with the data used m the model, 
but those of El and EE2 were erratic and hard to be estimated. Based on these removals the use 
of the world average rates for estllllatmg the effluent loads at Ilkeston would result higher errors 
than the estimatiOn for influent loads, especially for El and EE2 Results of the predicted effluent 
oestrogen concentrations at Ilkeston STW are given m Table 6-26. 3 out of 4 observatiOns for E2 
were in the estimatiOn range. For El, 3 out of 4 observations for El were higher than the upper 
hmit of the range The differences of selected removal rates with the actual ones and the 
deconJugatwn of oestrogen conJugates in the later stage of the treatment could be the possible 
reasons 
Table 6-25 Removal of oestrogens after ASP at Ilkeston STW 
Survey date El removal(%) E2 removal(%) EE2 removal(%) 
21/11/2005 13.2 96 5 NIA 
09/03/2006 <0 87 5 64 
10/03/2006 <0 85.4 <0 
21111105-25111105 68.8 97.1 NIA 
02/02/06-10/03/06 <0 70.0 <0 
World wide mean* 64.7±5.8 81.7±10 6 85.2±5.1 
* J ohnson et al. 2004 
Accordmg to the works of Johnson (2004), the estimation for the effluent loads at trickling filter 
STW s is difficult due to the httle data on the perfonnance of them The surveys m Alsager and St 
Ives STW s together With the pilot study can provide some useful data for the further development 
of this model. Removals of the two full scale works and the pilot study, and the suggested ranges 
are given in 6-27. The selection of these removal rates could be conducted within the suggested 
range based on other factors hke temperature, recirculatmn ratio, SS loads and the performance of 
STWs for other orgamc pollutants 
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Table 6-26 Predicted and measured effluent oestrogen concentratiOns at Ilkeston STW 
Oestrogens Predicted effluent values' Measured effluent values (ng/L) (ng/L) 
21/11/2006 (flow rate: 7,888 m3/d, 8 rC) 
El 27.2 (16.5-39.2) 44.1 
E2 5.7 (1.8-12.4) 2.75 
09/03/2006 (flow rate: 19,382 m3 Id, 8.9'C) 
El 111(6.7-16 0) 24 7 
E2 2 3(0.7-5.0) 14 
EE2 0.3(0 2-0.5) 1.0 
10/03/2006 (flow rate· 15,160 m3/d, 8.7'C) 
El 18.0 (10.9-25.9) 28.0 
E2 3.8 (1.2-8.2) 1.3 
EE2 0.6 (0.3-0.8) 0.7 
21/1112005-25/1112005 (average flow rate: 8,045 m3/d, 7.1-11 1 'C) 
El 26.7 (16.2-38.4) 20.6 
E2 5.6 (1 7-12 I) 1.6 
02/0312006-10/0312006 (average flow rate: 14,391 m3/d, 8.3-9.9 'C) 
El 14.9 (9.1-21.5) 85.2 
E2 3.1 (1.0-6 8) 36 
EE2 0.5 (0.3-0 7) 1.3 
T 
-Prediction based on 25% E2 transformation. 
Table 6-27 Removals observed by trickling filters m field surveys and the pilot study 
STWs El removal(%) E2 removal(%) EE2 removal(%) 
Smgle filtration 
Pilot study 51 (46-57)t 74 (53-90) j 45 (39-48)t 
Alsager 49.9 (42.0-55 8)" 57.6 (50 5-69 8)' 50 2(42.7-57.6)b 
Suggested range 50(48-53) 60(56-64) 45(42-48) 
filtratiOn with recirculatwn 
Pilot study 83 (81-85)1 88 (86-90) j 76 (74-79)1 
St Ives 74' 92' 50' 
Suggested range 82(77-86) 88(86-91) 72(60-83) 
' 
b 
' 
T 
' -3 samples, -2 samples, - l sample, -10 samples, -5 samples, suggested range are given with mean and 
95% confidence limits 
EstimatiOn of effluent oestrogen concentratiOns at St Ives STW and Alsager STW were earned 
out based on the suggested removal range given m Table 6-27, and the estimated and observed 
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-28 and Table 6-29 values are all g1ven m Table 6 
the range of the estimated on 
Alsager were all m the range, m 
Observed values obtamed at St Ives all fell m 
es. Except for the results of 13/03/06, other results obtained at 
dicatmg the suggested ranges were reasonable. 
Table 6-28 Predicted and measured effluent oestrogen concentrations at St Ives STW 
Oestrogens Pred1 cted effluent values (ng!L) t Measured effluent values (ng!L) 
flow rate: 3,800 m3/d 
El 5 4-15.1 17.9 
E2 1 4-4 1 2 15 
EE2 0 6-1.7 114 
'-predtctton based on 25% E2 Iran sformatwn 
Table 6-29 Predicted and measured effluent oestrogen concentrations at Alsager STW 
Oestrogens Pred1 cted effluent values (ng!L) t Measured effluent values*(ng!L) 
02/ 12/2005 (flow rate 10,323 m3/d, 7SC) 
El 5.6-10 5 9 22±154 
E2 1.8-4 0 1.42±0.70 
13/ 03/2005 (flow rate: 4,128 m3/d, 8.6"C) 
El 13.9-26.2 17 3±1.3 
E2 44-9.9 2.44±0 58 
EE2 1 4-1.9 1.61±0 58 
22/05/2006-26/0 5/2006 (average flow rate 11,923 m3/d, 11.2-15.4"C) 
EJ· 5 4-10.8 8.59±1.13 
E2 1.1-2.1 1.51±0 11 
EE2 0.5-0.6 0.74±0.05 
by ELISA analysts and cahbrated by recovery rates. *-Measured values were analysed 
'-PredictiOns for 02/12/2005 an 
25/05-26/05/2006 were based on 
d 13/03/2005 were based on 25% E2 transformatton, and those for 
50% E2 transformatton 
6.5.3 Summaries 
n catchment population eqmvalents and excretion values per head The estimatiOn model based o 
IS a useful tool for predicting th 
It was used in the estimatiOn fo 
e mfluent and effluent oestrogen loads without labonous analysts. 
r the mfluent and effluent oestrogen concentrations at 3 STWs and 
es. EE2 was found the most d1fficult to predict, 1t was hkely that compared w1th measured valu 
the percentage of women takin 
the same catchments, the rat 
g contraceptives vaned greatly m d1fferent catchments, and even m 
e also had a high da1ly vanat10n. Apart from that, the lowest 
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concentratiOn of EE2 also makes 1t the difficult to analyse. El was also hard to predict due to the 
greater persistence therefore related to state of m1crobml community. 
Influent results obtamed at Ilkeston and St Ives STWs and two surveys at Alsager showed that the 
assumed 50% E2 transformation to El and 100% deconjugation of glucuromde conJugates were 
not smtable at low temperatures. It was cons1dered that the low temperature affected the 
b10activ1ty m the sewers thus reduced the biodegradation and deconjugation durmg the sewer 
transit Better estimations were achieved using lower E2 transformation. 
Oestrogen removals by tr1ckhng filters obtained from f1eld surveys and p1lot study were compiled 
and suggested for the model estimatiOn The selectiOn of removals w1thm the range was 
suggested to be based on factors hke temperature, SS loads to produce better results. Good 
predictions were ach1eved usmg the suggested removal ranges of th1s proJect for the effluent 
oestrogen concentratiOns at Alsager and St Ives STWs. 
6.6 ADSORPTION ISOTHERM TESTS 
AdsorptiOn Isotherms of the El, E2 and EE2 onto granular activated carbon (GAC), granular rron 
(GI), manganese diOXide (MD) and sand are g1ven m F1gure 6-42-6-44 
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F1gure 6-42 Isotherms of El onto granular activated carbon, granular uon, manganese diOXide 
and sand m pure water at 20°C 
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Figure 6-43 Isotherms of E2 onto granular activated carbon, granular Iron, manganese diOXIde 
and sand m pure water at 2o·c 
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Figure 6-44 Isotherms of EE2 onto granular activated carbon, granular Iron, manganese diOxide 
and sand m pure water at 2o·c 
Freundhch adsorption constants K and 1/n were calculated based on the estimated parameters for 
the Freundhch equatiOn: log X =log K + (1 In) log C,, ( C-J.!g/L, X-mg/g), and they are given m 
Table 6-30. 
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Table 6-30 The Freundhch adsorption constants 
Adsorbents GAC GI MD sand 
K 
Constants 
36 624 0 058 0 017 0003 
El 1/n 0 650 0.357 0.558 0 584 
CorrelatiOn coefficient R2 0998 0 998 0.916 0 913 
Constants 
K 31.650 0.052 0.014 0.003 
E2 1/n 0.580 0 386 0770 0743 
Correlation coefficient R2 0.999 0 991 0.958 0 956 
Constant 
K 42.437 0.079 0.024 0.003 
EE2 1/n 0.759 0.433 0.766 0.657 
CorrelatiOn coefficient R2 0.989 0.983 0.988 0.905 
t Freundhch constants were determmed at followmg d1menswns: C (Jlg/L), X (mg/g) 
H1gher constant K means h1gher adsorption capac1ty, whilst the 1/n factor md1cates the mtensity 
or rate of adsorptiOn. Of the four adsorbents, the K values of GAC were much h1gher than those 
of other adsorbents. G1ven the same eqmhbnum concentration, the ratios of the amount of 
adsorbed oestrogens by these adsorbents were GAC.GI.MD.sand=l2300.100.6.1. The K values 
of the four adsorbents were m accordance w1th therr specific surface area profiles: GAC (950-
1100 m2/g) >Gl (25-200 m2/g)>MD (7.5-17 6 m2/g)>sand (<2m2/g) Th1s correlation indicated 
that the adsorbent surface area would be an important factor for the adsorption of oestrogens 
Results obtamed m 1sotherm tests also showed that the adsorbab1hty of EE2 for GAC, GI and 
MD was 1.25 and 1.48 times h1gher than that of El and E2. Adsorbability decreased w1th the 
increase of adsorbate polanty according to the chem1cal structures of oestrogens. The polar 
hydroxyl group of E2, the apolar ethmyl group of EE2 and the moderately polar ketone group of 
El made a d1fference. It was also considered that the polanty of these groups also deterrnmed the 
water solub1hty and Log Kow of these oestrogens (see SectiOn 3.1, Table 3-2) 
The performance of manganese dioxide and granular iron also md1cated that the importance of 
apolar adsorption determmed by the surface areas of adsorbents. Tb1s was also indicated by the 
previous discussed FeCh a1ded sedimentation (Huo et al. 2006) and the humus settlement in pilot 
study (Section 6.3.7), where more porous particles w1th greater surface area contnbuted the 
improved removals. Results from sand showed that further removal of oestrogens m tertiary sand 
f1lters (Stokes et al 2006, Section 6.4) will not be simple adsorptiOn of oestrogens onto the sand 
particles. The bwsorption and poss1ble biodegradation of oestrogens captured by those porous 
partlculates mtercepted by sand bed appeared to be the reasonable explanatiOn. 
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CHAPTER 
7 
CONCLUSIONS AND RECOMMENDATIONS 
7.1 CONCLUSIONS 
7.1.1 ELISA analysis 
F1ve-rephcate recovery tests and comparison with chemical analysis in real samples 
showed that the ELISA kits were able to quantify El, E2 and EE2 at ng!L level m pure 
water, synthetic sewage, nver water and real sewage. It IS economical and easy to be 
handled. The cost of one sample for mstrumental analysis IS only slightly lower than one 
96-well plate ELISA kit. This provides a low capital technique although sample pre-
treatment was still time consummg 
The performance of the ELISA was affected by the type of water, With the repeatab11ity 
and accuracy droppmg with the mcrease of matnx complexity It worked best m pure water 
and least well m real sewage It was clear that ELISA kits were sensitive to oestrogens as 
well as the ub1qmtous interference. It was then considered that the sample pre-treatment 
was cntlcal to the ELISA analysis, especially the clean-up steps after SPE, although It IS 
very time-consummg. ELISA is new in momtonng oestrogens m matrices hke crude 
sewage, and the sample pre-treatment had to evolve durmg the research to obtam more 
reliable results Although ELISA IS not able to provide the most reliable absolute 
concentration values for oestrogens m sewage samples without bwlogical treatment, It still 
can be used for oestrogen quantJtatwn in samples after biological treatment and surface 
water, and It IS a robust Immunoassay for momtonng the removal rate vanation to assess 
the bwreactor performance 
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7.1.2 Performance of the pilot trickling filter 
Based on the one year momtoring on the performance of the p1lot-scale tncklmg f1lter, the 
effects of seasonal vanat10n, SS load and rec1rculat10n status on oestrogen removal were 
studied By smgle filtration with nitnfication performance, 45-59% oestrogens were 
removed from the aqueous phase That removal was mamly biodegradatiOn and Similar to 
mtnfication. W1th the 1:1 effluent recuculation, an improvement was observed w1th the 
rates reached to 76-88%, corroborating the previOusly established links to both HRT and 
SRT. It was also found that the SS load had a negative effect on the oestrogen removal. 
W1th the higher SS load rec1pe, the removals of oestrogens were 41-48% for single 
filtration and 68-75% for operation w1th 1:1 rec1rculat10n. Extra solids prov1ded a barr1er to 
d1ffus10n rather than an extra adsorbent surface. The performance of the pilot tricklmg 
f1lter was senously impa1red m the cold season, w1th only 27-36% oestrogens removed 
even under 1:1 recirculat10n G1ven the lim1ted b10activ1ty, 1t is considered that adsorption 
played an Important role for oestrogen removal However, th1s effect might fade w1th 
continued addition of oestrogens. Humus tank adsorptiOn could remove around 10% more 
oestrogens from the filter effluent The removal mechanisms of oestrogens by trickling 
filter IS the combinatiOn of biOdegradation and adsorption, w1th biodegradation playmg the 
main role. 
For better and pers!stent removal of oestrogens, measures which could increase the 
hydraulic retention time and solid retention time, e g rec1rculation, two-stage filtration, 
could improve oestrogen removal Better removal of suspended solids before biofiltration, 
e.g. chem1cal prec1p1tation m pnmary settlement, could also contnbute to the improved 
performance, a pomt also supported from the literature. 
7.1.3 Investigation of the field works 
Results from Alsager samples showed that oestrogen levels fall progressively along the 
treatment train, but as expected from the other expenments b10log1cal treatment was the 
most important step. 
After pnmary settlement, less than 10% of the total oestrogen concentrations (E2 
eqmvalent) were removed After tncklmg filters, around 50% total oestrogen 
concentratiOns were removed, and the humus settlement 1mproved the removal to around 
60%. The overall removal of total oestrogen m th1s STW after teriary treatment was around 
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75% Among the removed oestrogens, over 60% was the contnbuuon of tnckling filters, 
and around 25% was ach1eved by sand filtration Sedimentation process only played a 
marginal role. Although there were overestimates of oestrogens m crude sewage samples, 
the obtamed rates by secondary treatment m the field expenment were snrular to the results 
from the p1lot tncklmg filter. Biolog1cal tertiary treatment such as reed beds would be 
predicted to perform even better. 
Based on the obtamed absolute values of oestrogens, 1t may be concluded that the 
discharged effluent w1ll not meet the proposed standard w1thout additional changes to 
des1gn but 1t may be ach1eved v1a tertmry treatment 
7.1.4 Model estimation 
The J ohnson model was used to estimate the oestrogen loads m the mfluent and effluent at 
likes ton, Alsager and St Ives STW s w1th most of the measured values fallmg in the 
pred1cted ranges. El and EE2 were the most difficult to pred1ct. The compansons w1th 
observed El and E2 values m 3 STWs assummg 25% E2 transformatiOn rate md1cated that 
an amendment of E2 transformation rate to adJUSt for low temperatures produced more 
accurate prediction. This case prov1ded useful data for the further development of th1s 
estimatiOn model The suggested b10degradat10n factors by tr1cklmg f1lters in the model 
was able to produce good pred1ctmg results, as was tested usmg the data of two tncklmg 
filter STW s, and good predicting result were ach1eved. Based on all these obtamed results, 
it is however expected that a more accurate prediction could be achieved based on 
additional details from the catchment and the STW. 
7.1.5 Adsorption isotherm tests 
The adsorption Isotherms of activated carbon, manganese diOxide, granular iron and sand 
were obtained. As anticipated, activated carbon showed much greater adsorption potential 
The h1gher potential adsorption coefficient of granular iron, which has h1gher surface area 
than manganese diOXIde, md1cated that the importance of adsorbent surface area to the 
adsorption potential. The adsorptiOn potential of sand was very poor wh1ch suggested the 
Importance of a b10f!lm, desp1te the hydrophobic property of the oestrogens. Further 
complex tests may be needed for manganese diox1de and granular iron to encourage the 
formatiOn of a b10film 
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7.2 RECOMMENDATIONS 
7.2.1 Recommendations for the operation of Alsager STW 
l. For Improvmg the performance of trcklmg filters With respect to oestrogens, to keep a 
higher water temperature IS Important for the filters to achieve a constant oestrogen 
removal By recycling the effluent of humus tank Improves the removal of oestrogens, and 
this would reqmre extra structures and eqmpment. Chemical precipitatiOn during pnmary 
settlement is able to reduce the suspended sohds load of the tricklmg filter, but higher 
pnmary sludge would be produced. 
2. Tertiary sand filtration IS useful to further remove oestrogens from humus tank effluent. 
However, due to the important role of mtercepted biosohds, the oestrogen concentrations 
in final effluent of STW just after filter backwashmg would increase. 
3. For Alsager STW, the current operation would lead to the effluent total concentration of 
oestrogens (E2 equivalent) m the regiOn of 5-18 ng!L (higher values for dry days and lower 
values for wet days). 
4. Dunng cold and dry days, the discharge of STW effluent would have higher nsk to the 
environment, and supplementary adsorption umt would be necessary to reduce the 
oestrogen levels m the STW final effluent 
7.2.2 Recommendations for future work 
1 Some time may be saved by usmg ELISA. The main reason for further work on ELISA 
is economical reasons Further compansons based on the similar and different pretreatment 
process are still necessary to more comprehensively assess the performance of ELISA kits 
on field samples The pretreatment protocol recommended by the EA m the National 
DemonstratiOn Programme 1s a standard reference pomt agamst wh1ch tests can be 
assessed. ELISA IS a new analytical technique and further developments are taking place. 
2 It was found that the oestrogen removal could be Improved by mtroducing recirculatiOn 
and reducing suspended sohds load, therefore generally agreeing with the widely used 
mechanistic models. There would be further benefit for the very low concentratiOns 
reqmred by consents. In further research on the mechamsms, the use of radiO-labelled 
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oestrogens could be a useful measure to momtor the transformatiOn of oestrogens m the 
bwfilm in p1lot and lab stuty 
3 The removal capac1ty of tncklmg filters durmg very cold weather is another problem 
which needs clanflcatwn In these expenments, 1t was attributed to the adsorptiOn, but the 
adsorption process needs to be better understood over a range of temperatures. 
4 The tert1ary treatment of sand filtratiOn was found effectively removmg oestrogens 
after secondary treatment However, due to the short retentiOn time and lower bwactiv1ty, 
biOdegradatiOn was thought qmte limlted. It was also found the retained solids of 
secondary samples did not show oestrogemc activlty, wh1ch ruled out the function of 
adsorption. Therefore, a study on the mechanisms of all the common types of tert1ary 
treatment, especially the commonly used bwactive sand filtration, is also necessary 
5 Although GAC demonstrated the most potential as an adsorbent for oestrogen removal 
from the pure water, 1t still faces the problem of non-selective adsorption for all pollutants 
m the sewage Shorter workmg time and very expensive regeneratiOn can be anticipated 
compared w1th the use of it in drmking water w1th much less organic matter Therefore, 
other adsorbent more spec1fic for oestrogens need to be explored, e g Similar matenals 
used in solid phase extraction like C 18 and styrene dlVlnyl benzene maybe a poss1bil1ty. 
Other possibilities are advanced ox1dat1on w1th ultrasound!UV assisted w1th metal catalysts 
hke manganese dioxide. 
6 It was found that oestrogen transformation and the deconjugatiOn of glucuromde 
conJugates rates were subJected to temperature vanation. For the further development of 
the model, the ranges of these rates could be produced based on further study and 
mvestlgatwn of the affecting factors. 
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APPENDIX 
A. Cross-reactivity Pattern of Oestrogens 
Compound % Reactivity Compound % React1v1ty Compound % Reactiv1ty 
El l?~-oestrad10l (E2) 100 Pregnenolone 0 35 
Oestrone (El) 100 16-keto E2 16 Testosterone <0.03 
2-methoxy El 02 2-methoxy E2 2.0 EE2 
17~-oestradiol (E2) 0.3 E2-17-glucuromde <04 Ethmyl oestrad10l (EE2) 1000 
16-keto-E2 02 E2-3-glucuromde 16 Oestrone (El) <0.2 
E2-l7 -glucuromde <0.1 E2-3-sulfate-17 -glucuromde <0.4 2-methoxy El <0.2 
E2-3-sulfate-17 -glucuronide <0.1 Oestr10l (E3) 06 l?~-oestrad10l (E2) <02 
Oestnol (E3) <0.1 16-epi-E3 05 16-keto-E2 <02 
16-epl-E3 <0 1 E3-16-glucuromde <0.4 E2-17 -glucuromde <02 
E3-16-glucuronide <0.1 l?a-ethmyloestrad10l (EE2) 50 E2-3-glucuronide <02 
Ethinyl E2 <0.1 cis-Androsterone <003 E2-3-sulfate-17 -glucuromde <02 
E2 trans-Androsterone <003 Oestr10l (E3) <0.2 
Oestrone (El) 1.3 Cholesterol 0.46 16-epl-E3 <0.2 
2-methoxy El <04 Dehydroo1soandrosterone <0.03 E3-16-glucuronide <0.2 
El-3-glucuromde n.d. 5a-Dlhydrotestostetone 0 38 
El-3- sulfate 1.0 Hydrocortisone 0.38 
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B. Effect of preservatives on oestrogen ELlS A assay 
Japan EnviroChemicals 
!.Summary 
The effect of preservalives such as sulphuric acid and Cu(N03)z+HCI on estrogen ELISA 
assay was invesligated with estrogen spike test using distilled water. Good recovenes 
were obtained m all cases, therefore, we concluded that both reagents could be used to 
preserve the envrronrnental samples However, we would hke to reconrrnend that you 
should use Cu(N03)z+HCI (pH2) as preservatives for envrronrnental sample, because we 
once expenenced underestimation m only sulphunc acid sample m prehmmary test (data 
not shown). 
2. Materials and Methods 
(1) Washing the equipments with acetone 
Prior to extractiOn experrment, all the eqmpment such as mamfold, Teflon tube, adopter 
and 1 L flask were rinsed with acetone to avoid the contammatiOn. 
(2) Preparation for estrogen spiked samples 
Dislilled water was produced in laboratory with MIIli Q Gradient AIO system of 
Milhpore. The estrogen-spiked sample (1 L) was prepared by addmg 10 mL of methanol, 
estrogen stock solutiOns (10 micro L of 10 ng/mL estrogen), and 1 L of water samples, 
namely distilled water, distilled water acidified to pH 2 With sulphuric acid, and distilled 
water added by 0 25g Cu(N03)2 and acidified with HCI to 1 L flask. El and E2 were 
spiked m the same lL flask and extracted Simultaneously, while EE2 was spiked m the 
other lL flask because E2 ELISA moderately reacted with EE2 at 50 % cross-reactivity 
Adding methanol to the flask m the first step was Important to avoid adsorption of 
estrogens to the flask. 
(3) Solid phase extraction of spiked samples 
For sohd phase extraction (SPE) cartridge, Nexus (Varian), 500 mg of styrene divinyl 
benzene sorbent, 6 mL reservoir was used The Nexus cartridge was conditiOned with 5 
mL dichloromethane, and then 5 mL methanol followed by lOmL water on the SPE 
manifold under vacuum with flow control (ca.lO rnUmin) The sample (1 L), spiked with 
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estrogens, was applied to the cartridge v1a a Teflon tube and adaptor under the same flow 
rate of ea 10 rnUmm. The cartndge was nnsed With 5mL water, and then 5mL 
water/methanol (50/50 % v/v). After drymg the cartndge under vacuum for 2 mm, the 
estrogens were eluted w1th 6mL of dichloromethane m the glass v1al with a flow rate of 3 
to 5 rnUmin. The extract was evaporated under a gentle mtrogen stream at 40 to 50 °C. 
Then, the vial was capped and stored at 4°C until the assay was performed. When the 
sample was analyzed w1th ELISA, 100 micro L of methanol was added to the v1al and 
vigorously m1xed with vortex mixer, and then followed by 900 m1cro L of water to g1ve a 
10% aqueous methanol solutwn of 1 mL volume 
(4) ELISA assay 
El, E2 and EE2 ELISA assay was conducted accordmg to the mstructlon manual of the 
ELISAkit. 
3. Results and Discussion 
The spike test of estrogens in distilled water was shown m table 1. Good recoveries (and 
no blarik values) were observed m all cases, in sp1te of the spiked estrogen concentration 
were extremely low (0 lng!L). These results md1cated that both sulphuric acid and 
Cu(N03)z+HC1 would not mterfere ELISA analys1s after sohd phase extractiOn column 
pretreatment. However, we would like to recommend that you should use Cu(N03)z+HCl 
(pH2) as preservatives for enviromnental sample, because we once expenenced 
underestimatiOn m only sulphuric ac1d sample in prehmmary test (data not shown). 
Although we could not fmd out the cause of 1t, we thmk Cu(N03)z+HCl (pH2) is more 
preferable than sulphuric acid. Results are given m Table B-1. 
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Table B-1 Effect of preservatives on estrogen ELlS A assay 
Spiked ELlS A Sample Spiked Cone mean Recovery 
oestrogen Preservat1ves oestrogen factors values cone. (%) Conc.(ng/L) (ng/l) (ng/L) 
None 0 <0.05 0000 0 1 0.092 0.092 92 
El Sulphunc 0 1000 <005 0.000 
ac1d (pH=2) 0.1 0.097 0.097 97 
Cu(N03)z+ 0 <005 0.000 
HCl (pH=2) 0.1 0.102 0.102 102 
None 0 <005 0000 0 1 0.110 0.110 110 
E2 Sulphur1c 0 1000 <0.05 0000 
ac1d (pH=2) 0.1 0.118 0 118 118 
Cu(N03)z+ 0 <005 0000 
HCl (pH=2) 0.1 0.117 0.117 117 
None 0 <005 0000 0.1 0.078 0.078 78 
EE2 Sulphunc 0 1000 <0.05 0.000 
ac1d (pH=2) 0.1 0.106 0.106 106 
Cu(N03)z+ 0 <0.05 0000 
HCI (pH=2) 01 0.114 0114 114 
21 

